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The d e t e r m i n a t i o n  o f  t h e  e l e c t r o n i c  d e n s i t y  o f  s t a t e s  i n  e n e r g y
0  1
Z o f  a n t i m o n y  h a s  b e e n  a c o n t r o v e r s i a l  s u b j e c t ,  d i f f e r e n t  e x p e r i -  
F
m e n t a l  m e t h o d s  y i e l d i n g  d i f f e r e n t  r e s u l t s .  Two i n d e p e n d e n t  d e t e r ­
m i n a t i o n s  w e r e  c o n d u c t e d  i n  t h i s  s t u d y  t h r o u g h  s p e c i f i c  h e a t  m e a s u r e ­
m e n t s  a nd  t r a n s p o r t  e f f e c t s  m e a s u r e m e n t s .  The two s a m p l e s  w e r e
3
t a k e n  f r om a common z o n e - r e f i n e d  b a r .  Use o f  a He r e f r i g e r a t o r ,
e s p e c i a l l y  b u i l t  f o r  t h i s  w o r k ,  a l l o w e d  t h e  t e m p e r a t u r e  r a n g e  i n
b o t h  t y p e s  o f  m e a s u r e m e n t s  t o  be  l o w e r e d  t o  0 . 3 7 ° K ,  e x t e n d i n g  t h e
r a n g e  o f  a n y  p r e v i o u s l y  p u b l i s h e d  s i m i l a r  wo r k .  As a c o n s e q u e n c e
good a g r e e m e n t  i s  f o u n d  b e t w e e n  r e s u l t s  f r o m t h e  t wo t y p e s  o f
m e a s u r e m e n t s ,  v i z .  Z p ' ( S p . H )  = ( 1 . 0 1 1  ±  . 0 4 6 )  X l O ^ e r g  '''cm
F
Z p ' ' ( T r a n s p o r t )  = ( 1 . 0 6 9  ±  . 0 7 5 ) X l O ^ e r g  ' 'cm C o m p l e t e  d e t e r -  
F
m i n a t i o n  i s  a l s o  o b t a i n e d  o f  t h e  e l e c t r i c  q u a d r u p o l e  Cq, e l e c t r o n i c  
C^ j  a n d  l a t t i c e  C c o n t r i b u t i o n s  t o  t h e  s p e c i f i c  h e a t  o f  a n t i m o n y .
C^ = °  - 0 0 1 9-?  Q0Q23 ; ce l  = ( O . I I 6 5 4  ±  0.  00 6 4 4 )  T,  CL = ( 0 . 2 1 1 0  ±
3 T _  ̂ ^
0 . 0 0 5 3 ) T ,  i n  m i l l i j o u l e s  mo l e  d e g  . The l a t t i c e  t h e r m a l  c o n ­
d u c t i v i t y  i s  d e t e r m i n e d  down t o  t e m p e r a t u r e s  l o we r  t h a n  p r e v i o u s l y  
p u b l i s h e d .  P e r f e c t  T d e p e n d e n c e  i s  f o u n d  b e l o w  1°K,  c o n f i r m i n g  
t h e  p r e d o m i n a n c e  o f  p h o n o n - e l e c t r o n  N - t y p e  s c a t t e r i n g .  Anomal ous  
t e m p e r a t u r e  d e p e n d e n c e s  o f  p r e v i o u s  i n v e s t i g a t i o n s  a r e  c l a r i f i e d .  
C o m p a r i s o n  w i t h  t h e o r y  r e v e a l s  a n  a d d i t i v e  c o n t r i b u t i o n  t o  t h e  c o n ­
d u c t i v i t y  b e l o w  1°K.  T h i s  i s  t e n t a t i v e l y  e x p l a i n e d  i n  t e r m s  o f  t h e  
u n c o u p l i n g  o f  t h e  t r a n s v e r s e  a n d  l o n g i t u d i n a l  l a t t i c e  wa v e s  b e l o w  
t h a t  t e m p e r a t u r e .
2
INTRODUCTION
In t h e  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h e  t h e o r y  o f  s o l i d s ,  t h e  
s e m i m e t a l s  h a v e  r e c e i v e d  much a t t e n t i o n . ' * '  I n c l u d e d  i n  t h i s  g r o u p  a r e  
t h e  e l e m e n t s  b i s m u t h ,  a n t i m o n y ,  an d  a r s e n i c ,  w h i c h  a r e  c o n d u c t i n g
a t  a b s o l u t e  z e r o  w i t h  t h e  c a r r i e r s  c o n s i s t i n g  o f  e q u a l ,  s m a l l  number s
2
o f  e l e c t r o n s  a n d  h o l e s .  Thus  i n  a d d i t i o n  t o  t h e  p u r e l y  e l e c t r o n i c
e f f e c t s  n o r m a l l y  m e a s u r e d  i n  m e t a l s ,  t h e r m a l  e f f e c t s  i n v o l v i n g
e l e c t r o n i c  i n t e r a c t i o n  w i t h  t h e  l a t t i c e  c a n  be  c o n v e n i e n t l y  s t u d i e d
i n  t h e  t h r e e  e l e m e n t s  c o m p r i s i n g  t h i s  g r o u p  a n d  t h e  r e s u l t s  u s e d  t o
v e r i f y  a nd  e x p l a i n  t h e  b a s i c  t h e o r y  o f  m e t a l s .
An t i m o n y  was  t h e  s e m i m e t a l  c h o s e n  f o r  t h e  p r e s e n t  s t u d y .  The
o b j e c t i v e s  o f  t h e  e x p e r i m e n t s  p e r f o r m e d  w e r e  t w o f o l d :  t o  d e t e r m i n e
by two s e p a r a t e  i n d e p e n d e n t  m e t h o d s  t h e  e l e c t r o n i c  d e n s i t y  o f  s t a t e s
i n  e n e r g y  o f  t h i s  s e m i m e t a l  i n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  2 . 5 ° K
a n d  0 . 4 ° K ,  a n d ,  s e c o n d l y ,  t o  m e a s u r e  t h e  l a t t i c e  t h e r m a l  c o n d u c t i v i t y
i n  t h e  same low t e m p e r a t u r e  r a n g e .  A p e r s i s t e n t  d i s c r e p a n c y  b e t w e e n
p r e d i c t e d  a n d  m e a s u r e d  v a l u e s  f o r  t h e  d e n s i t y  o f  s t a t e s  f o r  a l l
3 4s e m i m e t a l s ,  a s  w e l l  a s  r e c e n t  r e s u l t s  ; i n d i c a t i n g  a s t r i k i n g  
a n o m a l y  i n  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  l a t t i c e  t h e r m a l  c o n ­
d u c t i v i t y  o f  a n t i m o n y  made t h i s  s t u d y  p a r t i c u l a r l y  d e s i r a b l e .
s
S p e c i f i c a l l y ,  i n  t h e  g e n e r a l  s t u d y  o f  t h e  t r a n s p o r t  p r o p e r t i e s  
o f  a n t i m o n y ,  Long e t .  cd o b s e r v e d  i n  a v e r y  p u r e  (P^ggo^/Pi , .  2 °K = 
3 6 OO) s i n g l e  c r y s t a l  o f  a n t i m o n y ,  t h a t  t h e  l a t t i c e  t h e r m a l  c o n ­
d u c t i v i t y  i n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  1 . 6 ° K  and  4 . 2 ° K  was 
p r o p o r t i o n a l  t o  t h e  4 . 8 t h  p o we r  o f  t h e  a b s o l u t e  t e m p e r a t u r e .
A l t h o u g h  t h i s  t e m p e r a t u r e  d e p e n d e n c e  i s  a n o m a l o u s  t h e  r a t i o  
o f  t h e  e l e c t r i c a l  i n t r i n s i c  c o n d u c t i v i t y  t o  t h e  t h e r m a l  l a t t i c e  
c o n d u c t i v i t y  was f o u n d  t o  be  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e o r y .   ̂
T h i s  l e d  t o  t h e  t e n t a t i v e  c o n c l u s i o n  t h a t  t h e  l a t t i c e  r e s i s t a n c e  i n  
t h e  c r y s t a l  was d u e  t o  e l e c t r o n - p h o n o n  s c a t t e r i n g  i n  t h e  t e m p e r a t u r e  
r a n g e  i n v e s t i g a t e d .  At  v e r y  low t e m p e r a t u r e  t h i s  wo u l d  p r e d i c t  a 
l a t t i c e  t h e r m a l  c o n d u c t i v i t y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e
g
t e m p e r a t u r e .  I t  was o n e  o f  t h e  p u r p o s e s  o f  t h i s  w o r k  t o  c h e c k  t h e  
v a l i d i t y  o f  t h i s  p r e d i c t i o n .
I t  was a l s o  d e t e r m i n e d  i n  t h e  wo r k  o f  Long e t  aj^. t h a t  t h e  
d e n s i t y  o f  s t a t e s  o b t a i n e d  f r o m t h e  a s y m t o t i c  b e h a v i o r  o f  t h e  
N e r n s t - E t t i n g h a u s e n  c o e f f i c i e n t  e" was  l a r g e  a nd  t e m p e r a t u r e  
d e p e n d e n t ;  t h i s  r e s u l t  was  r a t h e r  s u c c e s s f u l l y  e x p l a i n e d  i n  t e r m s  
o f  an  a d d e d  c o m p o n e n t  t o  t h e  d e n s i t y  o f  s t a t e s  p r o p o r t i o n a l  t o
g
t h e  s q u a r e  o f  t h e  t e m p e r a t u r e  a nd  d u e  t o  t h e  p h onon  d r a g  e f f e c t .
Q-ff
But  b e c a u s e  o f  t h i s  a d d e d  e f f e c t ,  t h e  e x t r a p o l a t e d  v a l u e  o f  £  Z. 
a t  T = 0°K was s omewha t  u n c e r t a i n ,  a nd  a p p e a r e d  t o  be  h i g h e r  t h a n  
p r e d i c t e d  by f r e e  e l e c t r o n  t h e o r y .  T h i s  h i g h  d e n s i t y  o f  s t a t e s  
f o u n d  i n  a n t i m o n y ,  a s  w e l l  a s  s i m i l a r  r e s u l t s  r e p o r t e d  i n  o t h e r  
s e m i m e t a l s , ^  made d e s i r a b l e  an  e x t e n s i o n  o f  t h e s e  m e a s u r e m e n t s  
t o  l o w e r  t e m p e r a t u r e s  i n  o r d e r  t o  r e d u c e  t h e  c o n t r i b u t i o n  d ue  t o  
p hon o n  d r a g  and  t o  i mp r o v e  t h e  a c c u r a c y  o f  t h e  e x t r a p o l a t i o n  
t o  0°K.
As an  i n d e p e n d e n t  c h e c k ,  i t  was  d e c i d e d  t o  a l s o  m e a s u r e  t h e  
d e n s i t y  o f  s t a t e s  o f  a n t i m o n y  by an  e n t i r e l y  d i f f e r e n t  t e c h n i q u e .
The m e t h o d  c h o s e n  was  t h e  m e a s u r e m e n t  o f  t h e  e l e c t r o n i c  c o m p o n e n t
k
o f  t h e  s p e c i f i c  h e a t  w h i c h  g i v e s  a d i r e c t  i n d i c a t i o n  o f  t h e  d e n s i t y  
o f  s t a t e s .  In a d d i t i o n  t o  t h e  i n t e n d e d  i n f o r m a t i o n ,  t h i s  p a r t  o f  t h e  
e x p e r i m e n t  y i e l d e d  v a l u a b l e  i n f o r m a t i o n  a b o u t  o t h e r  c o n t r i b u t i o n s  t o  
t h e  s p e c i f i c  h e a t  o f  a n t i m o n y  i n  a t e m p e r a t u r e  r a n g e  l o w e r  t h a n  had 
b e e n  p r e v i o u s l y  r e p o r t e d .
D e f i n i t i o n s  o f  t h e  b a s i c  d e f i n i n g  e q u a t i o n s  f o r  t h e  k i n e t i c  
t r a n s p o r t  c o e f f i c i e n t s ,  a n d  a b r i e f  o u t l i n e  o f  e x p e r i m e n t a l  m e t h o d s  
f o l l o w  t h e s e  i n t r o d u c t o r y  p a r a g r a p h s .  The t h e o r e t i c a l  p r e d i c t i o n s  
an d  t h e  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e i r  d i s c u s s i o n  f o l l o w  i n  t h r e e  
s u c c e s s i v e  s e c t i o n s .  S e c t i o n  I I I  d e a l s  w i t h  t h e  r e s u l t s  o f  t h e  l a t t i c e  
t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s .  S e c t i o n  IV d e a l s  w i t h  t h e  d e n s i t y  
o f  s t a t e s  r e s u l t s  a s  d e d u c e d  f r o m t h e  m e a s u r e d  p e r t i n e n t  t r a n s p o r t  
c o e f f i c i e n t s .  In S e c t i o n  V t h e  s p e c i f i c  h e a t  d e t e r m i n a t i o n  o f  t h e  
d e n s i t y  o f  s t a t e s  i s  g i v e n  a n d  d i s c u s s e d ,  an d  i t s  b e a r i n g  on t h e  
r e l a t e d  r e s u l t s  f r o m t r a n s p o r t  m e a s u r e m e n t s  a r e  g i v e n .  S e c t i o n  VI 
s u m m a r i z e s  t h e  c o n c l u s i o n s  o f  t h e  e x p e r i m e n t s .  The f u l l  r a n g e  o f  
e x p e r i m e n t a l  d e t a i l s  i s  g i v e n  i n  an  a p p e n d i x  s i n c e  b o t h  t h e  a t t a i n ­
men t  o f  w o r k i n g  t e m p e r a t u r e s  b e l o w  1°K a n d  t h e  m e a s u r e m e n t  o f  s p e c i f i c  
h e a t  a t  low t e m p e r a t u r e  h a v e  b e e n  p e r f o r m e d  f o r  t h e  f i r s t  t i m e  i n  
t h i s  l a b o r a t o r y .
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I . PHENOMENOLOGICAL DEFINITIONS OF THE TRANSPORT EFFECTS
The t r a n s p o r t  e f f e c t s  c a n  be  d e s c r i b e d  i n  i r r e v e r s i b l e  t h e r m o d y ­
nami cs  a s / p r o c e s s e s  i nvolving a " f o r c e "  p a r a m e t e r ,  i . e . ,  an " a f f i n i t y " ,  
w h i c h  d r i v e s  t h e  p r o c e s s ,  an d  an  a d d i t i o n a l  p a r a m e t e r ,  t h e  " f l u x " ,  
t o  d e s c r i b e  t h e  r e s p o n s e  t o  t h i s  f o r c e . ^  In t r a n s p o r t  m e a s u r e m e n t s  
t h e  e l e c t r i c a l  a nd  t h e r m a l  c u r r e n t  d e n s i t i e s ,  J a nd  W r e s p e c t i v e l y ,
VW AAA
( t h e  " f l u x e s " ) ,  a r e  e x p r e s s e d  a s  l i n e a r  c o m b i n a t i o n s  o f  t h e  e l e c t r i c  
f i e l d  E % an d  t h e  n e g a t i v e  o f  t h e  t e m p e r a t u r e  g r a d i e n t  G ( t h e
-W\ A/V\
a f f i n i t i e s ) ,  by t h e  f o l l o w i n g  e q u a t i o n s
j  = cje*  -  e"G
-cv\A ,VV A‘A'V>
(1)
Vf = -  it"EW + A"Gaaa wa
j -
The a s t e r i s k  n o t a t i o n  on E a nd  W i s  u s e d  t o  i n d i c a t e  t h a t  t h e
vWv
i n t e r n a l  q u a n t i t i e s  h a v e  b e e n  m o d i f i e d  f o r  c o n v e n i e n c e  by  a t e r m
i n v o l v i n g  t h e  c h e m i c a l  p o t e n t i a l  Q s o  a s  t o  r e p r e s e n t  m e a s u r e d  
12 1Rq u a n t i t i e s .  ’ The k i n e t i c  c o e f f i c i e n t s  d e f i n e d  by Eq.  (1)  a r e  t h e  
q u a n t i t i e s  c a l c u l a t e d  f r o m f o r m a l  t r a n s p o r t  t h e o r i e s ,  a n d  a r e  c a l l e d ,
A
r e s p e c t i v e l y ,  t h e  e l e c t r i c a l  c o n d u c t i v i t y  t e n s o r  cr, t h e  t h e r m a l
A A
c o n d u c t i v i t y  t e n s o r  A.", t h e  t h e r m o e l e c t r i c  power  e " ,  a nd  t h e  
P e l t i e r  t e n s o r  rt".
The t r a n s p o r t  m e a s u r e m e n t s  w e r e  made w i t h  t h e  m a g n e t i c  f i e l d  
p a r a l l e l  t o  t h e  t r i g o n a l  a x i s  ( s e e  F i g .  1 f o r  o r i e n t a t i o n  o f  t h e  
C a r t e s i o n  a x e s ) .  T h r e e f o l d  s y m m e t r y  p e r p e n d i c u l a r  t o  t h e  p l a n e  i n  
w h i c h  t h e  e f f e c t s  w e r e  m e a s u r e d  i m p l i e s  t h a t  t h e  k i n e t i c  e q u a t i o n s
Ikf o r  two d i m e n s i o n a l  i s o t r o p i c  me d i a  a r e  a p p l i c a b l e .  Then t h e
c o e f f i c i e n t s  d e f i n e d  by Eq. ( l )  a r e  e a c h  2 X 2  t e n s o r s ,  an d  by s y mme t r y ,
15e a c h  i s  i s o m o r p h i c  t o  t h e  c o m p l e x  n u m b e r s ,  g i v i n g  a c o n v e n i e n t  way 
t o  c o m p u t e  a n d  r e p r e s e n t  t h e  t r a n s p o r t  e f f e c t s .
B e c a u s e  t h e  p h y s i c a l  c o n d i t i o n s  n e e d e d  t o  m e a s u r e  t h e  k i n e t i c  
c o e f f i c i e n t s  d i r e c t l y  a r e  n o t  r e a d i l y  a t t a i n a b l e  i n  t h e  l a b o r a t o r y ,
«A»
i t  i s  c o n v e n i e n t  t o  e x p r e s s  o t h e r  r e l a t i o n s  b e t w e e n  J ,  W , E , and
/Vv\ ,W \ /W \A
G a s  f o l l o w s :
AAA
A A
E = p J  + eGw  AV. A*.
(2)A A
W = -  jtJ + xgMa AM AaV\
The a b s e n c e  o f  p r i m e s  on t h e s e  c o e f f i c i e n t s  i n d i c a t e s  t h e  " i s o t h e r m a l "  
c o n d i t i o n ,  G^  = 0 .  The i s o t h e r m a l  e l e c t r i c a l  r e s i s t i v i t y  t e n s o r  
p i s  s i m p l y  r e l a t e d  t o  t h e  k i n e t i c  e l e c t r i c a l  c o n d u c t i v i t y  t e n s o r
A A  ̂ A
c  o f  Eq.  ( l )  by  t h e  r e l a t i o n  p = a„ The o t h e r  c o e f f i c i e n t s  d e f i n e d
.A
a b o v e  a r e  c a l l e d  t h e  a b s o l u t e  t h e r m o e l e c t r i c  t e n s o r  e,  t h e  i s o t h e r m a l  
P e l t i e r  t e n s o r  jt a nd  t h e  t h e r m a l  c o n d u c t i v i t y  t e n s o r  X.
For  m e a s u r e m e n t s  o f  t h e r m o e l e c t r i c  a n d  t h e r m o m a g n e t i c  ph e n o me n a ,  
t h e  e l e m e n t s  o f  t h e  t e n s o r s  d e f i n e d  by t h e  f o l l o w i n g  r e l a t i o n s  a r e  
d e t e r m i n e d  e x p e r i m e n t a l l y .
-1.* A A ,
E = p 1 J + e 1W
A /V \ AAA a/ a/\
(3)
A A
G = i t 1 J  + yW
/\/VA AVy
The p r i m e d  c o e f f i c i e n t s  a b o v e  i n d i c a t e  t h e  " a d i a b a t i c "  c o n d i t i o n  
Wj,., = 0.  The c o e f f i c i e n t s  o f  t h i s  f o r m a r e  c a l l e d  t h e  a d i a b a t i c
e l e c t r i c a l  r e s i s t i v i t y  t e n s o r  p 1, t h e r m o e l e c t r i c  t e n s o r  e 1, t h e
A A
P e l t i e r  t e n s o r  it, a nd  t h e  t h e r m a l  r e s i s t i v i t y  t e n s o r  y .
The k i n e t i c  c o e f f i c i e n t s  a r e  o b t a i n e d  f r o m t h e s e  e x p e r i m e n t a l
~ i  ~ 2 ~ -  1~ -  1
c o e f f i c i e n t s  t h r o u g h  t h e  r e l a t i o n s  \ "  = y  (1 + e 1 p y  T) a nd
A A A l A A l  A A A  A A j A |  A A
j t" = e "T = p e ' y  T = o V^ - T.  In p r a c t i c e ,  t h e  t e r m  e 1 p y  T = g ' t c"
i s  u s u a l l y  n e g l i g i b l e  c o m p a r e d  t o  u n i t y  an d  t h u s  1 "
F o u n d a t i o n s  a nd  a p p l i c a t i o n s  o f  Eqs .  ( l ) ,  ( 2 ) ,  a n d  (3 ) h a v e  b e e n
e x p l o r e d  i n  d e t a i l ^ ^ ;  f u r t h e r  d i s c u s s i o n  c o n c e r n i n g  t h e i r  u s e  i n
20 21t h e  p r e s e n t  c o n t e x t  c a n  be  f o u n d  i n  a r t i c l e s  by  G r e n i e r ,  e_t aj_. ;
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I I .  EXPERIMENTAL SUMMARY 
G e n e r a  1
The m a g n e t ,  f l a s k  s y s t e m ,  a nd  m e a s u r i n g  c i r c u i t s  a r e  d e s c r i b e d
PP P^e l s e w h e r e  ; e x c e p t  a s  n o t e d  b e l o w ,  a nd  w i l l  n o t  be  d e s c r i b e d  
h e r e .  An i m p o r t a n t  i n n o v a t i o n  h o we v e r  was t h e  d e s i g n ,  c o n s t r u c t i o n ,  
an d  i n s t a l l a t i o n  o f  a " H e l i u m  3" r e f r i g e r a t o r  c a p a b l e  o f  p r o d u c i n g  
a t e m p e r a t u r e  e n v i r o n m e n t  b e t w e e n  0.1f°K a n d  1 . 2 ° K.  An e l e c t r i c a l  
t e m p e r a t u r e  r e g u l a t o r  was i n s t a l l e d  a s  an  i n t e g r a l  p a r t  o f  t h e  
r e f r i g e r a t o r  s y s t e m  t o  a s s u r e  t h e  r e q u i r e d  t e m p e r a t u r e  s t a b i l i t y  
( l e s s  t h a n  . 0 0 1 ° K  f l u c t u a t i o n  o v e r  a t w e n t y  m i n u t e  p e r i o d ) .  T e c h n i q u e s  
i n v o l v e d  i n  u s i n g  t h i s  t y p e  r e f r i g e r a t i o n  s y s t e m  w e r e  e v o l v e d  s l o w l y ,  
an d  s i n c e  t h e y  r e q u i r e  d e t a i l e d  e x p o s i t i o n ,  a r e  i n c l u d e d  i n  an 
a p p e n d i x ,  t o g e t h e r  w i t h  a more  e x t e n s i v e  a c c o u n t  o f  a l l  e x p e r i m e n t a l  
d e t a i l s  i n v o l v e d  i n  t h i s  e x p e r i m e n t .
T r a n s p o r t  M e a s u r e m e n t s
The s a m p l e  u s e d  in t h i s  m e a s u r e m e n t  was  a 99-9999°/o  p u r e  a n t i m o n y  
s i n g l e  c r y s t a l  u s e d  by Long i n  h i s  t r a n s p o r t  e x p e r i m e n t s .  I t  was 
d e c i d e d  t o  u s e  t h e  same s a m p l e  i n  t h i s  e x p e r i m e n t  s o  t h a t  t h e  r e s u l t s  
o b t a i n e d  i n  t h e  l o w e r  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d  c o u l d  be  d i r e c t l y  
c o m p a r e d  t o  t h o s e  o f  Long t a k e n  a t  h i g h e r  t e m p e r a t u r e s .  The c r y s t a l  
was mo u n t e d  s o  t h a t  t h e  m a g n e t i c  f i e l d  l a y  a l o n g  t h e  t r i g o n a l  a x i s ,  
t o  t a k e  a d v a n t a g e  o f  i s o t r o p y  i n  t h e  b a s a l  p l a n e .  D i m e n s i o n s  w e r e  
20 X k . 6  X 2  mm w i t h  t h e  k . 6  mm w i d t h  a l o n g  a b i n a r y  a x i s  ( s e e  




F i g .  1
P3 0 o / p 1 2* aS m e a s u r e c ' ky  Long e t  al_. was 9500', t h e  r e s i d u a l  r e s i s t i v i t y
-Q
pg  had  a v a l u e  o f  k  X 10 ft cm. The l e n g t h  o f  t h e  c r y s t a l  was  mo u n t e d
v e r t i c a l l y  a n d  s o l d e r e d  t o  t h e  c o p p e r  s a m p l e  h o l d e r  w i t h  Woods m e t a l .
U n d e s i r a b l e  s u p e r c o n d u c t i n g  e f f e c t s  o f  t h e  s o l d e r s  u s e d  w e r e  n o t  a
c o n s i d e r a t i o n  b e c a u s e  a l l  m e a s u r e m e n t s  w e r e  made a t  1 2 - 7  k i l o g a u s s .
. . .
S i n c e  t h e  s a m p l e  h o l d e r  h o u s e d  t h e  He e v a p o r a t o r  i n  i t s  i n t e r i o r ,
t h e  s a m p l e  h o l d e r  s e r v e d  a s  t h e  h e a t  s i n k  f o r  t h e  s a m p l e .  Hea t  was
s u p p l i e d  by  a 111 ft n o n - i n d u c t i v e  c o n s t a n t a n  w i r e  (No.  3 8 ) h e a t e r  wound
on a No. 16  c o p p e r  w i r e  w h i c h  was  s o l d e r e d  t o  t h e  b a s e  o f  t h e  s a m p l e
( s e e  F i g .  1 ) .  T h e r m a l  m e a s u r e m e n t s  w e r e  t a k e n  w i t h  t h e  c r y s t a l
t h e r m a l l y  i s o l a t e d  by a vacuum i n  r a n g e  o f  10 ^  mm H g ^  o b t a i n e d
by  c a r e f u l l y  f l u s h i n g  t h e  s a m p l e  c h a mb e r  a t  room t e m p e r a t u r e s  w i t h
h e l i u m - f r e e  n i t r o g e n  g a s ,  p u mp i n g  i t  t o  a p p r o x i m a t e l y  10 J  mm Hg,
an d  s e a l i n g  o f f  t h e  s p a c e .  When l i q u i d  h e l i u m  was t r a n s f e r r e d  b e f o r e
t h e  r u n ,  a h i g h  vacuum was  p r o d u c e d  by  t h e  c r y o p u m p i n g  e f f e c t .
T h e r ma l  a n d  e l e c t r i c a l  p r o b e s  w e r e  c o n n e c t e d  a s  shown i n  F i g .  1 .
For  t h e  low r a n g e  o f  t e m p e r a t u r e s  i n v e s t i g a t e d  i t  was  f o u n d  t h a t
10 ft ,  1 / 1 0  w a t t  A l l e n  B r a d l e y  r e s i s t o r s  had t h e  p r o p e r  s e n s i t i v i t y .
At  t e m p e r a t u r e s  b e l o w  0 . 9 ° K  i t  was  f o u n d  n e c e s s a r y  t o  l i m i t  t h e
t h e r m o m e t e r  c u r r e n t  t o  0 . 2  m i c r o a m p e r e s  i f  s e l f - h e a t i n g  e f f e c t s  i n
t h e  t h e r m o m e t e r s  w e r e  t o  be  a v o i d e d .  Under  t h e s e  c o n d i t i o n s ,  t h e
t h e r m o m e t e r s  w e r e  f o u n d  t o  o b e y  v e r y  a c c u r a t e l y  t h e  r e l a t i o n  b e t w e e n
t h e i r  r e s i s t a n c e  R a nd  t h e  v a p o r  p r e s s u r e  o f  t h e  h e l i u m - 3  l i q u i d ,
P g i v e n  b y ^ * ^  l o g  R = a + £  b ( l o g  P ) n .
n n
F i e l d  o r i e n t a t i o n  o f  t h e  c r y s t a l  was a c c o m p l i s h e d  by f i n d i n g
28t h e  r e s i s t a n c e  minimum o f  a z i n c  c r y s t a l  Z, m o u n t e d  p a r a l l e l  t o  t h e  
b a s a l  p l a n e  o f  t h e  a n t i m o n y  ( s e e  F i g .  1 ) .
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For  t h e  m e a s u r e m e n t  o f  t h e  i s o t h e r m a l  l o n g i t u d i n a l  e l e c t r i c a l  
r e s i s t i v i t y  a c u r r e n t  o f  1 . 2  mA was u s e d .  He a t  c u r r e n t s  f o r  t h e
t h e r m o m a g n e t i c  phenomena  r a n g e d  f r o m 0 . 5  pW a t  0 . 4 4 ° K  t o  150 pW a t  
2 . 3 ° K ,  t a k i n g  c a r e  t o  k e e p  t h e  t e m p e r a t u r e  g r a d i e n t  s u f f i c i e n t l y  s m a l l  
( <  0 . l ° K / c m )  t o  a p p l y  l i n e a r  a p p r o x i m a t i o n s  i n  t h e  c o m p u t a t i o n s .
He a t  C a p a c i t y  M e a s u r e m e n t s
The sample f o r  the heat  c a p a c i t y  measurements was a 142.4-29 gram 
bar o f  ant imony c u t  from the  same parent  bar from which the c r y s t a l
was o b t a i n e d  f o r  t h e  t r a n s p o r t  m e a s u r e m e n t s .  The s a m p l e  was  s o l d e r e d
3
t o  t h e  b a s e  o f  a p l a t f o r m  s u s p e n d e d  f r o m t h e  e v a p o r a t o r  o f  t h e  He
29r e f r i g e r a t o r  by  3;  3 mm d i a m e t e r  g r a p h i t e  r o d s  5  cm l o n g  ( s e e  F i g .
2 ) .  A 0 . 0 0 1  i n c h  d i a m e t e r  9 9 .9 9 5 ° /o  p u r e  l e a d  w i r e  d r a wn^® by t h e  
31W o l l a s t o n  p r o c e s s  was  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  m a g n e t i c  f i e l d
32as a s u p e r c o n d u c t in g  heat  s w i t c h .
M e a s u r e m e n t s  w e r e  made by  t h e r m a l l y  i s o l a t i n g  t h e  s a m p l e  when 
i t  had b e e n  c o o l e d  t o  a t e m p e r a t u r e  o f  ~  0 . 3 7 ° K  a n d  t h e n  s u p p l y i n g  
w e l l  d e t e r m i n e d  a m o u n t s  o f  h e a t  f o r  a c c u r a t e l y  known p e r i o d s  o f  t i m e ,
t a k i n g  c a r e  n o t  t o  c h a n g e  t h e  t e m p e r a t u r e  o f  t h e  s a m p l e  by mor e  t h a n
33 347 ° /o  w i t h  e a c h  h e a t  p u l s e .  The e l e c t r o n i c  t i m e r  u s e d  c o u l d
be  r e a d  a c c u r a t e l y  t o  m i c r o s e c o n d s  a n d  was  a r r a n g e d  i n  t h e  h e a t e r
c i r c u i t  s o  a s  t o  be  a u t o m a t i c a l l y  a c t i v a t e d  when t h e  h e a t e r  was  s t a r t e d
( s e e  F i g .  1 2 ) -  The t e m p e r a t u r e  o f  t h e  s a m p l e  was  r e c o r d e d  a s  a
f u n c t i o n  o f  t i m e  on a Brown s t r i p c h a r t  r e c o r d e r .
The t e c h n i q u e  o f  a c c o u n t i n g  f o r  t h e  h e a t  c a p a c i t y  o f  t h e  a d d e n d a









F i g .  2
had b e e n  c u t  o f f  w i t h  a s p a r k  c u t t e r ,  a n d  o n l y  t h a t  p o r t i o n  w h i c h  
was  w e t t e d  w i t h  s o l d e r  was l e f t  a s  p a r t  o f  t h e  a d d e n d a .  The m e a s u r e ­
me n t  o f  h e a t  c a p a c i t y  i n  t h i s  r u n  was  s u b t r a c t e d  f r o m t h a t  t a k e n  w i t h  
t h e  e n t i r e  b a r  a t t a c h e d ,  a nd  t h i s  d i f f e r e n c e  t a k e n  a s  t h e  h e a t  
c a p a c i t y  d u e  t o  t h e  a mo u n t  ( 1 2 6 . 3 5 *+ g r a ms )  o f  p u r e  a n t i m o n y  r e mo v e d .
The h e a t  p u l s e s  a p p l i e d  r a n g e d  i n  m a g n i t u d e  f r o m 0 - 5  m i c r o w a t t s  
a t  t h e  l o w e s t  t e m p e r a t u r e s  t o  6  m i c r o w a t t s  n e a r  1°K.  H e a t i n g  p e r i o d s  
r a n g e d  f r om 2  s e c o n d s  t o  6  s e c o n d s  d e p e n d i n g  on t h e  c r i t e r i o n  o f  
l e s s  t h a n  l ° / 0  t e m p e r a t u r e  r i s e  p e r  h e a t  p u l s e  s t a t e d  a b o v e .  The 
h e a t  l e a k  f r o m e x t r a n e o u s  s o u r c e s  t o  t h e  s a m p l e  was d e t e r m i n e d  t o  
be  a b o u t  20 e r g s  p e r  m i n u t e .  C o m p l e t e  d e t a i l s  on m e a s u r e m e n t  
t e c h n i q u e s  a n d  d a t a  r e d u c t i o n  m e t h o d s  a r e  g i v e n  i n  t h e  A p p e n d i x .
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A. T h e o r y
In t h e  d e t e r m i n a t i o n  o f  t h e  e l e c t r o n i c  d e n s i t y  o f  s t a t e s  
t h r o u g h  t h e  k i n e t i c  c o e f f i c i e n t s ,  i t  i s  n e c e s s a r y  t o  m e a s u r e ,  among 
o t h e r  f a c t o r s ,  t h e  a d i a b a t i c  t h e r m a l  c o n d u c t i v i t y  a t  f i e l d s  o f  
a b o u t  12 k i l o g a u s s . ^ °  I t  i s  o f  i n t e r e s t  t o  c o m p a r e  t h e  r e s u l t s  o f  
t h i s  m e a s u r e m e n t  t o  t h e o r e t i c a l  p r e d i c t i o n s ,  p a r t i c u l a r l y  s i n c e  
t h e  e l e c t r o n i c  p r o p e r t i e s  o f  a n t i m o n y  h a v e  i n t e r e s t i n g  f e a t u r e s  
n o t  f o u n d  i n  m e t a l s  i n  g e n e r a l .
The s m a l l  number  o f  e l e c t r o n s  i n  Bi a nd  Sb a l l o w s  t h e  c o n d u c t i o n  
o f  h e a t  by p h o n o n s  t o  be  e a s i l y  o b s e r v e d .  Any e l e c t r o n i c  h e a t  
c o n d u c t i o n  c a n  be  s e p a r a t e d  o u t  by  t h e  a p p l i c a t i o n  o f  a m a g n e t i c  
f i e l d .  But  e v e n  w i t h o u t  t h i s ,  t h e  l a t t i c e  c o n d u c t i o n .  i s  t h e  
ma i n  p a r t  o f  t h e  w h o l e  t h e r m a l  c o n d u c t i v i t y ^ ^ ,  i n  t h e  c a s e  o f  b i s m u t h .  
In a n t i m o n y ,  on t h e  o t h e r  h a n d ,  t h e  e l e c t r o n  d e n s i t y  i s  l a r g e r  t h a n  
i n  b i s m u t h  an d  a t  v e r y  low t e m p e r a t u r e s  t h i s  h a s  made i t  p o s s i b l e ,  
i n  t h i s  e x p e r i m e n t ,  t o  o b s e r v e  a phon o n  c o n d u c t i v i t y  l i m i t e d  m a i n l y  
by s c a t t e r i n g  by t h e  c o n d u c t i o n  e l e c t r o n s .
The t h e r m a l  c o n d u c t i v i t y  c a n  be  e x p r e s s e d  a s  t h e  sum o f  a 
l a t t i c e  a n d  an  e l e c t r o n i c  c o n t r i b u t i o n :
X" = X" + X" . (4)
e  g
In p r e s e n c e  o f  a m a g n e t i c  f i e l d  t h e  e l e c t r o n i c  t e r m  X 1̂ i s  o f  t h e
f o r m ~  H n an d  t h e  l a t t i c e  t e r m  i s  a p p r o x i m a t e l y  c o n s t a n t  a t  a
T9g i v e n  t e m p e r a t u r e .  I t  was  e x p e r i m e n t a l l y  e s t a b l i s h e d  by LongJ
t h a t  a t  r e a s o n a b l y  h i g h  m a g n e t i c  f i e l d s  (5 kG) ,  t h e  t h e r m a l  r e s i s ­
t i v i t y  a p p r o a c h e s  an  a s y m t o t i c  v a l u e ,  an d  y^  “* 0 , s o  t h a t
X" =“ X = 4  = / ' I 't y — ) c o n s t a n t  (5 )
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w h i c h  i s  an  i n d i c a t i o n  t h a t  t h e  f i e l d - d e p e n d e n t  e l e c t r o n i c  c o m p o n e n t ,  
A. 1̂, o f  t h e  t h e r m a l  c o n d u c t i v i t y  h a s  b e e n  " q u e n c h e d "  by  t h e  m a g n e t i c  
f i e l d .  Thus  a t  m o d e r a t e  f i e l d s ,  i t  i s  p o s s i b l e  t o  o b s e r v e  q u i t e  
e a s i l y  a l m o s t  p u r e  l a t t i c e  c o n d u c t i o n  o f  h e a t  i n  a m e t a l ,  an
ko
o p p o r t u n i t y  w h i c h  i s  u n i q u e  t o  t h e  s e m i m e t a l s .
The t h e r m a l l y  r e s i s t i v e  e f f e c t s  o f  p o s s i b l e  i m p o r t a n c e  i n  
l i m i t i n g  l a t t i c e  t h e r m a l  c o n d u c t i v i t y  c a n  be  e x p r e s s e d  a s  a sum o f  
d i f f e r e n t  t y p e s  o f  s c a t t e r i n g  p r o c e s s e s .
f -  = + y i + r l + r B + 7 e  (6)
g
w h e r e  y i s  t h e  t h e r m a l  r e s i s t a n c e  d u e  t o  p h o n o n - p h o n o n  Umklapp
p r o c e s s e s ,  y .  t o  i m p e r f e c t i o n s ,  y^ t o  i s o t o p e  " i m p u r i t i e s " ,  y g
t o  b o u n d a r y  s c a t t e r i n g ,  a nd  y t o  p h o n o n - e l e c t r o n  s c a t t e r i n g .
( N o t i c e  t h a t  s u b s c r i p t s  on r e s i s t i v i t i e s  r e f e r  t o  s c a t t e r i n g
p r o c e s s e s ,  w h i l e  s u b s c r i p t s  on t h e  c o n d u c t i v i t y  s ymbo l  r e f e r s  t o
t h e  name o f  t h e  c a r r i e r . )
The f i r s t  o f  t h e s e  e f f e c t s ,  p h o n o n - p h o n o n  Umklapp p r o c e s s e s ,
t e n d  t o  be " f r o z e n - o u t "  when t e m p e r a t u r e s  w e l l  b e l o w  t h e  Debye
t e m p e r a t u r e  a r e  r e a c h e d :  The e n e r g y  h v "  o f  a p h o n o n  c r e a t e d  i n
'— ) — ► — )  — )
t h r e e  p h onon  Umklapp p r o c e s s e s  q "  = q + q 1 -  g m u s t  be  g r e a t e r  t h a n  
~  k 9 / 2 ;  t h e  sum o f  t h e  e n e r g i e s  o f  t h e  p h o n o n s  w h i c h  h a v e  c o m b i n e d
I k
i n  t h e  s c a t t e r i n g ,  h v  + h v 1 m u s t  o b e y  t h e  same c o n d i t i o n s ;  t h e  t o t a l  
number  o f  s u c h  p r o c e s s e s  s h o u l d  be  p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  
t h e  o c c u p a t i o n  n u mb er s  o f  t h e s e  t wo mo d es ,  a n d  a t  low t e m p e r a t u r e s  
s h o u l d  be  o f  t h e  f o r m
, h v x , h v 1 x
nq nq' “  eXP ("kT* SXP (“ kT }
, h v  + h v 1 x 
nq V  “  eXP I ' —  >
nq nq 1 <  eXP ( " 5 T )
T h i s  shows  t h a t  t h e  r a t e  a t  w h i c h  Umklapp p r o c e s s e s  o c c u r  becomes  
n e g l i g i b l e  a t  low t e m p e r a t u r e s ,  a n d  t h e s e  U - p r o c e s s e s  a r e  t h u s  n o t  
a v a i l a b l e  t o  p r o v i d e  a r e s i s t i v e  m e c h a n i s m  on t h e  h e a t  c u r r e n t .  They  
a r e  n e g l i g i b l e  i n  t h e  a n a l y s i s  o f  t h e  t h e r m a l  c o n d u c t i v i t y  m e a s u r e d  
i n  t h i s  e x p e r i m e n t .
I m p e r f e c t i o n  s c a t t e r i n g  i s  a l s o  n o t  i m p o r t a n t  i n  t h i s  c a s e  
b e c a u s e  t h e  s a m p l e  was a s i n g l e  c r y s t a l .  S c a t t e r i n g  by i m p u r i t i e s  
i s  g e n e r a l l y  u n i m p o r t a n t  a t  v e r y  low t e m p e r a t u r e s  b e c a u s e  t h e  
l e n g t h e n i n g  o f  t h e  l a t t i c e  wa v e s  makes  p o i n t  d e f e c t  s c a t t e r i n g  o f  
t h e  p h o n o n s  n e g l i g i b l e .  However ,  i s o t o p e  s c a t t e r i n g  may be  a r e a l  
f a c t o r  i n  t h e  c a s e  o f  a n t i m o n y  b e c a u s e  t h i s  s e m i m e t a l  i s  c o mp o s e d  o f  
n e a r l y  e q u a l  p o r t i o n s  o f  two i s o t o p e s ,  Sb 121 a nd  Sb 123,  s o  t h a t  
t h e  p r o p o r t i o n  o f  " i m p u r i t y "  i s  much l a r g e r  t h a n  t h a t  o f  a n y  f o r e i g n
c h e m i c a l  i m p u r i t y .  I f  i s o t o p e  s c a t t e r i n g  was  a f a c t o r  i n  t h i s
1 ^ 1 , .  
e x p e r i m e n t ,  —  s h o u l d  c o n t a i n  a c o m p o n e n t  p r o p o r t i o n a l  t o  T.  T h i s
•g
w i l l  b e  d i s c u s s e d  w i t h  t h e  r e s u l t s .
T h e r m a l  r e s i s t a n c e  d u e  t o  b o u n d a r y  s c a t t e r i n g  s h o u l d  o c c u r  o n l y  
a t  v e r y  low t e m p e r a t u r e s  an d  t h e n  o n l y  i f  s c a t t e r i n g  f r o m  o t h e r  c a u s e s  
i s  s o  s m a l l  t h a t  t h e  p h o n o n  mean f r e e  p a t h  b ec o me s  o f  t h e  same 
o r d e r  o f  m a g n i t u d e  a s  t h e  d i m e n s i o n s  o f  t h e  s a m p l e .  Then t h e  mean 
f r e e  p a t h  o f  t h e  p h o n o n s  i s  l i m i t e d  o n l y  by  t h e  b o u n d a r i e s  o f  t h e  
s a m p l e .  I f  t h i s  s i t u a t i o n  o c c u r s ,  t h e  k i n e t i c  f o r m u l a  f o r  t h e  t h e r m a l
4-2c o n d u c t i v i t y  o f  a n  a s s e m b l y  o f  p h o n o n s
A = ;  C v  A (7)
9 .3 9 q
3
r e d u c e s  t o  a T d e p e n d e n c e  s i n c e
3
l a t t i c e  s p e c i f i c  h e a t ,  «  T 
v e l o c i t y  o f  s o u n d ,  v ^ c o n s t a n t
p h o n o n  mean f r e e  p a t h ,  A^ = c o n s t a n t  s m a l l e s t  d i m e n s i o n  o f  s a m p l e .
- 3
Thus  y D “  T . O r d e r  o f  m a g n i t u d e  c a l c u l a t i o n s  f o r  A on t h e  b a s i s  
B 9
” 3 "1o f  k i n e t i c  f o r m u l a  g i v e s  A. ~  2  X 10 T cm,  much s m a l l e r  t h a n  t h e
9 '
l e a s t  d i m e n s i o n  o f  t h e  c r y s t a l ,  i n d i c a t i n g  t h a t  b o u n d a r y  s c a t t e r i n g
d i d  n o t  o c c u r  i n  t h i s  s a m p l e  a t  t e m p e r a t u r e s  b e l o w  1°K.
The r e m a i n i n g  r e s i s t i v e  m e c h a n i s m ,  a n d  i n  t h i s  e x p e r i m e n t  p r o b a b l y
t h e  m o s t  i m p o r t a n t ,  i s  p h o n o n - e l e c t r o n  s c a t t e r i n g .  The g e n e r a l l y
43
a c c e p t e d  M a k i n s o n  f o r m u l a  g i v e s  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  
t h e r m a l  c o n d u c t i v i t y  i n  t h e  low t e m p e r a t u r e  l i m i t  w h e r e  e l e c t r o n -  
p h o n o n  N - p r o c e s s e s  w o u l d  b e  e x p e c t e d  t o  d o m i n a t e  o v e r  U - p r o c e s s e s .
w h e r e  A-^g i s  t h e  e l e c t r o n i c  c o m p o n e n t  o f  t h e r m a l  c o n d u c t i v i t y  u n d e r
g
t h e  a s s u m p t i o n  — 00 ( ^ g  c o n s t a n t ) ,  a n d  n g i s  t h e  number  o f  c a r r i e r s
\ bb
p e r  a t o m .  The ( J  i n t e g r a I s  a r e  Debye i n t e g r a l s  o f  t h e  f o r m
x n z
Z 6  ' x  — Q/T (9 )
CO
( \ 1 n_1  (x)  ~  — r  xn - 1
' n (x)  ~  ni  ?  ^  r?=l r
The t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  l a t t i c e  c o n d u c t i v i t y  o f  Sb
45
h a s  b e e n  a m a t t e r  o f  c o n j e c t u r e  s i n c e  t h e  m e a s u r e m e n t s  o f  R o s e n b e r g ,
46 47
W h i t e  an d  Woods ,  a n d  Long e_t aj^. T h e s e  l a s t  a u t h o r s  f o u n d
a n o m a l o u s  t e m p e r a t u r e  d e p e n d e n c e s  f o r  b o t h  t h e  i d e a l  e l e c t r i c a l
—  2 * 2c o n d u c t i v i t y  cr. T ) a n d  t h e  l a t t i c e  t h e r m a l  c o n d u c t i v i t y
b  8T ) .  T h e i r  a n a l y s i s  h o we v e r  p o i n t e d  o u t  t h a t  t h e  r a t i o  o f  t h e
7c o n d u c t i v i t i e s  4 " / ct. was i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  T l aw 
9 '
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d e r i v e d  by Zi man ,  f o r  t h e  c a s e  o f  p h o n o n - e l e c t r o n  s c a t t e r i n g ,
X-  /CT s  J -  (J< ) 2  ( J _ ) 2  T n = c a r r i e r s  (1Q) 
g i 2  e  3Nk a a t o m
a
w h e r e  t h e  i n e q u a l i t y  a p p l i e s  when U - p r o c e s s e s  a r e  p r e s e n t .  I f  a l l
t h e  s c a t t e r i n g  i s  N - t y p e  a n d  t h e  Debye a p p r o x i m a t i o n  f o r  t h e  s p e c i f i c
h e a t  C i s  u s e d ,  t h i s  e q u a t i o n  bec o me s  
9
i q  6  L 6 t  7
X / a .  = — —  — (tt) , L = L o r e n t z  Number  ( l l )  
g i 25  2  9 n3 ^ n
“  "5
Long et .  a K  f o u n d  t e n t a t i v e  a g r e e m e n t  f o r  0 = 178°K a nd  n = 2 - k  X 10 
c a r r i e r s / a t o m .  As a c o n s e q u e n c e  i t  was  c o n c l u d e d  t h a t  t h e  o n l y  
s c a t t e r i n g  o f  a n y  c o n s e q u e n c e  was  d ue  t o  an  e l e c t r o n - p h o n o n  N - p r o c e s s .
On t h e  b a s i s  o f  t h i s  a s s u m p t i o n ,  t h e  a p p a r e n t l y  a n o m a l o u s  t e m p e r a t u r e  
d e p e n d e n c e  o f  c .  was  made p l a u s i b l e  by t h e  i n t r o d u c t i o n  o f  an  e f f e c t i v e  
Debye t e m p e r a t u r e  f o r  s c a t t e r i n g  o f  p h o n o n s  by e l e c t r o n s :  The u s u a l
c r i t e r i o n  i n  a m e t a l  w h e r e  a n  e l e c t r o n - p h o n o n  N - p r o c e s s  o c c u r s  i s  t h a t  
t h e  l i m i t i n g  v a l u e  o f  t h e  s c a t t e r e d  p h o n o n  wave  v e c t o r  q be  t a k e n  a s  
q ^ ,  t h e  Debye s p h e r e  r a d i u s .  However ,  i f  2 kp,  t h e  d i a m e t e r  o f  t h e
Fermi  s p h e r e ,  i s  s m a l l e r  t h a n  q ^ ,  t h e  l i m i t i n g  v a l u e  o f  q s h o u l d  be
t a k e n  a s  2 kp i n s t e a d  o f  q ^ ,  t h u s  i n t r o d u c i n g  a n  e f f e c t i v e  Debye 
t e m p e r a t u r e
P k
0*  = (— ) 0 ( 1 2 )
q D
Long e_t aj^. f o u n d  good a g r e e m e n t  w i t h  t h e i r  e x p e r i m e n t a l  v a l u e  o f  
ct. f o r  0 ~  10°K t o  15°K.
U s i n g  t h e s e  same p r e m i s e s  we a t t e m p t  t o  f i t  o u r  t h e r m a l  c o n d u c t i v i t y  
d a t a  by  t h e  f o r m u l a
l 48*6 Ln9 ,T,7 „
9 = I s  2  % )  a i <>3)
a
o r ,  u s i n g  ^
“ i = i  (| ) ' 5 c^ (f  >r l  °e <“ 0
Eq.  ( 13)  bec o me s  = 27  X 10 3 n ^Og
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S i n c e  f o r  T «  9 " , ^ .  -* 5'. = 1 2 4 . 4 ,  o ne  e x p e c t s  X “  T2  a t  v e r y
low t e m p e r a t u r e s ,  e . g . ,  t h o s e  a t t a i n a b l e  w i t h  a He^ r e f r i g e r a t o r  
( 0 . 3 ° K  <  T <  1°K) ,  b u t  a b o v e  1°K o n e  s h o u l d  e x p e c t  t h e  t e m p e r a t u r e  
d e p e n d e n c e  t o  be  d e t e r m i n e d  by  t h e  b e h a v i o r  o f ^ ^ ( — ) ^ T ^ .
E f f e c t  o f  U n c o u p l i n g  o f  T r a n s v e r s e  and  
L o n g i t u d i n a l  Modes o f  L a t t i c e  V i b r a t i o n s
The d e t a i l s  o f  t h e  t h e o r y ^  o f  t h e  s c a t t e r i n g  o f  p h o n o n s  by 
e l e c t r o n s ,  i n  t h e  c o n t e x t  o f  l a t t i c e  t h e r m a l  c o n d u c t i o n ,  d e p e n d  
upon  t h e  c o u p l i n g  b e t w e e n  t h e  c o n d u c t i o n  e l e c t r o n s  a n d  t h e  l o n g i ­
t u d i n a l  an d  t r a n s v e r s e  p h o n o n s .
I f  one  d e f i n e s  an  e l e c t r o n - p h o n o n  i n t e r a c t i o n  p a r a m e t e r
on e  c a n  t h e n  c o n s i d e r  3 p o s s i b i l i t i e s :
2 2
a )  = C.J. : l o n g i t u d i n a l  a nd  t r a n s v e r s e  p h o n o n s  i n t e r a c t
e q u a l l y  s t r o n g l y  w i t h  t h e  c o n d u c t i o n  e l e c t r o n s .  T h i s  i s  t h e  a s s u m p t i o n
5 1made by M a k i n s o n .
2 2 2b) >  C-j. (i  n, p a r t i c u l a r  = 0 ) :  t h e  t r a n s v e r s e  wa v e s  do
n o t  i n t e r a c t  a s  s t r o n g l y  ( o r  n o t  a t  a l l )  w i t h  t h e  c o n d u c t i o n  
e l e c t r o n s  a nd  a r e  t i g h t l y  c o u p l e d  t o  t h e  l o n g i t u d i n a l  w a v e s .
In t h i s  c a s e  t h e  c o n t r i b u t i o n  t o  t h e  t h e r m a l  c o n d u c t i v i t y  f r o m 
t h e  t r a n s v e r s e  p h o n o n s  w i l l  n o t  be  h i g h e r  t h a n  t h a t  g i v e n  by  M a k i n s o n ' s  
c o u p l i n g  m o d e l ,  b e c a u s e  t h e  t i g h t  c o u p l i n g  h a s  f o r  e f f e c t  t o  e q u a l i z e  
t h e  mean f r e e  p a t h s  o f  t h e  p h o n o n s  o f  t h e  same f r e q u e n c y  b u t  d i f f e r e n t
p o l a r  i z a t  i on .
2 2
c )  >  C.J. : t h e  t r a n s v e r s e  wa v e s  do  n o t  i n t e r a c t  a s  s t r o n g l y
w i t h  t h e  c o n d u c t i o n  e l e c t r o n s  a n d  a r e  o n l y  l o o s e l y  c o u p l e d  t o  t h e
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l o n g i t u d i n a l  waves .
In t h i s  c a s e  t h e r e  a r i s e s  an a d d i t i o n a l  component o f  c o n d u c t i v i t y ,  
which w i l l  be c o n s i d e r e d  in the  d i s c u s s i o n .
B. R e s u l t s  and D i s c u s s i o n
The r e s u l t s  o f  the  thermal  c o n d u c t i v i t y  measurements  ar e  shown 
in F i g s . 3 , 4  and 5 . Figure  3 d i s p l a y s  the  t emperature  dependency o f
the  l a t t i c e  thermal  c o n d u c t i v i t y  on a l o g a r i t h m i c  p l o t .  I t  can be
2
s e en  t h a t  below T = 1 . a p e r f e c t  T dependence p r e v a i l s  down to
the  l o we s t  t emperature  a t t a i n e d .  This  conf i r ms  the  as s umpt i on  made
by Long e_t a_l- o f  a l a t t i c e  c o n d u c t i v i t y  l i m i t e d  by predominant
N- type  e l e c t r o n  s c a t t e r i n g .  In the  r e g i on  above T = 1.6°K,  our r e s u l t s
4 . 8c onf i r m t he  l oca  1 T dependence as  found by Long ejt aj .̂ It  i s  t o  
be noted t ha t  Woods and White in t h i s  same t emperature  r e g i o n  f i n d  
a T ’ In Fig.  4 a l o g a r i t h m i c  p l o t  o f  ^-g/T v e r s u s  T i s
p r e s e n t e d  t o g e t h e r  wi th the  t emperature  dependence e x p e c t e d  from the
2 0 \
T ) ]  ( s o l i d  c u r v e ) .  This  s o l i d  curve  i s  o b t a i n e d  by assuming
a good f i t  o f  the e x p e r i m e n t a l  p o i n t s  in t he  upper t emperature  
r e g i o n ,  and i t  c or re s ponds  t o  a v a l u e  o f  the  reduced Debye t emperature  
9 = 11°K. This  v a l u e  i s  in r e a s o n a b l e  agreement  w i t h  t h a t  o b t a i n e d
by Long e t  a_l. from c o n s i d e r a t i o n  o f  t h e i r  i d e a l  e l e c t r i c a l  c o n d u c t i v i t y  
(0* ~  1 0 - 1 5 ° K ) .
The most i n t e r e s t i n g  f e a t u r e  seen  in Fig.  . 4  i s  an a d d i t i v e  c on­
t r i b u t i o n  t o  the  c o n d u c t i v i t y  in the  lower t emperature  r e g i o n  T < 1.3°K.
A d d i t i v e  c o n d u c t i v i t y  i s  s e e n  from the  p l o t  t o  have an approxi mate
2
T dependence .  I f  we w r i t e  A = A (1 + a) we f i n d  from Fi q. 4  r exp th 3
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t h a t  \ exp- = 7= ^  = 1 . 3 1  o r  O' = . 3 1 , i . e . , a 3 l ° / 0  i n c r e a s e .  T h e r e  
t h
a r e  two m e c h a n i s m s  t h a t  c a n  c o n t r i b u t e  an  a d d i t i v e  c o m p o n e n t  t o  t h e
c o n d u c t i v i t y  a t  low t e m p e r a t u r e s :
l )  P i p p a r d ' s  Phenomenon .  P i p p a r d  ’ h a s  s u g g e s t e d  t h a t  t h e
mean f r e e  p a t h  o f  a p h o n o n  o f  wave  number  q s c a t t e r e d  by  an  e l e c t r o n
s h o u l d  d e p e n d  on t h e  e l e c t r o n i c  mean f r e e  p a t h  A . The P i p p a r d  t h e o r y
was i n i t i a l l y  d e v e l o p e d  t o  d e s c r i b e  u l t r a s o n i c  a t t e n u a t i o n  i n  m e t a l s
a nd  l e a d s  t o  e x p r e s s i o n  f o r  t h e  a t t e n u a t i o n  c o e f f i c i e n t s  o f  l o n g i t u d i n a l
an d  t r a n s v e r s e  s o u n d  w a v e s  a s  f u n c t i o n s  o f  qA . The r e c i p r o c a l  o f
n e
t h e  a t t e n u a t i o n  c o e f f i c i e n t  i s  i n t e r p r e t e d  a s  b e i n g  e q u a l  t o  t h e  p h onon  
mean f r e e  p a t h  A^ a nd  y i e l d s  t h e  e x p r e s s i o n
Dv A 1 / 3  ( q A  ) ^ t a n  * ( q A  )
A = i r JLiL C   i— —  -  1} (1 5 )
P F (qA ) -  t a n -  (qA )
where D i s  the  d e n s i t y  o f  the  me t a l ,  v g i s  the  v e l o c i t y  o f  sound,
N i s  the  number o f  c on d u c t i o n  e l e c t r o n s  per u n i t  volume,  m i s  the  
e l e c t r o n i c  mass,  and Vp i s  the  Fermi v e l o c i t y .  I f  qA^ > 1, we may 
expand the  above e x p r e s s i o n  in a s e r i e s  in (qA^)  ̂ and w r i t e  f o r  the  
phonon mean f r e e  path
AP = V [1 + <! - I> i7 T  + • • • 1 <16>
where A ,. taken as  the  l i m i t  o f  Eq. (15 ) as  qA -> °°, i s  e qua l  t o  
P e
6 dv
A = Lim A = — — ( 1 7 )  
P“  (qA P ItNmvptl 
 ̂ e
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The l a t t i c e  c o n t r i b u t i o n  t o  t h e  t h e r m a l  c o n d u c t i v i t y  i s  g i v e n  i n  
q e n e r a l  by  t h e  k i n e t i c  e q u a t i o n  X = -^C vA , w h e r e  C i s  t h e  Debye
a 1 g 3 g p g
•3
s p e c i f i c  h e a t ,  p r o p o r t i o n a l  t o  a t  low t e m p e r a t u r e s .  T a k i n g  q = q ,
t h e  mean wave  number  o f  t h e  p h o n o n s  p r e s e n t  a t  t e m p e r a t u r e  T , ( f o r  T ~  . 5 ° K)
q = *= 10^ cm * we f i n d ,  a f t e r  s u b s t i t u t i n g  Eq.  (16)  i n t o  t h e
s
k i n e t i c  e q u a t i o n ,
A
X cc t 2 (1 + -  + . . . )  w h e r e  A «  ~ r ^ ~  . (18)
"  ̂ e
O r d e r  o f  m a g n i t u d e  c a l c u l a t i o n s  b a s e d  on t h e  r e s i d u a l  r e s i s t i v i t y  o f
t h e  s a m p l e  i n d i c a t e  t h a t  ~  10 ^cm,  a n d  t a k i n g  v $ = 3  ^ 10^ c m / s e c , ^
- h
t h e n  A ' = 2 X 1 0  °K.  Thus  a t  T = . 5  K, t h e  a d d e d  l a t t i c e  c o n d u c t i v i t y  
e x p e c t e d  f r o m t h e  P i p p a r d  e f f e c t  a m o u n t s  t o  a 0 . 0 1 ° / o  i n c r e a s e  a n d  
i s  much t o o  s m a l l  t o  e x p l a i n  t h e  3 l ' ° / 0 e x c e s s  c o n d u c t i v i t y  o b s e r v e d  
in  F i g .  b  •
T h i s  was t o  be  e x p e c t e d  s i n c e  t h e  e l e c t r o n i c  mean f r e e  p a t h  i s  
t o o  l o n g  i n  a n t i m o n y  i n  r e l a t i o n  t o  t h e  a v e r a g e  p h o n o n  wave  number  
a t  T = . 5 ° K  t o  e x p e c t  t h e  P i p p a r d  phenomenon  t o  be  o b s e r v e d .
2)  E f f e c t  o f  U n c o u p l i n g  o f  t h e  D i f f e r e n t  Modes o f  L a t t i c e  Waves .
I f  o n e  a s s u m e s  t h a t  t h e  l o n g i t u d i n a l  p h o n o n s  i n t e r a c t  mor e  s t r o n g l y  
w i t h  t h e  e l e c t r o n  s c a t t e r e r s  t h a n  t h e  t r a n s v e r s e  p h o n o n s  d o ,  o n e  h a s  
t o  c o n s i d e r  t h e  e f f e c t  o f  t h e  c o u p l i n g  b e t w e e n  t h e  t wo s y s t e m s  o f  
p h o n o n s .
A t i g h t  c o u p l i n g  b e t w e e n  t h e  p o l a r i z a t i o n  b r a n c h e s  h a s  f o r  
e f f e c t  t o  e q u a l i z e  t h e i r  mean f r e e  p a t h .  As t h e  t e m p e r a t u r e  i s  l o w e r e d  
i t  c a n  be  e x p e c t e d  t h a t  a t r a n s i t i o n  f r o m t i g h t  t o  l o o s e  c o u p l i n g
22
t a k e s  p l a c e .  Un d e r  t h e s e  c i r c u m s t a n c e s ,  Ap c a n  now become l a r g e r  
t h a n  T h i s  a l l o w s  t h e  s y s t e m  o f  t r a n s v e r s e l y  p o l a r i z e d  p h o n o n s
t o  c o n t r i b u t e  an  a d d i t i o n a l  t e r m  t o  t h e  c o n d u c t i v i t y  a nd  s i n c e  i n  
p h o n o n - e l e c t r o n  s c a t t e r i n g ,  t h e  mean f r e e  p a t h  i s  i n v e r s e l y  p r o ­
p o r t i o n a l  t o  T,  t h i s  a d d e d  c o n t r i b u t i o n ,  n a m e l y  2 VpCpAp,  w i l l  h a v e
O O
a T d e p e n d e n c e  (C^ “  T ) •
I s o t o p e  S c a t t e r i n g
We e x a m i n e  b r i e f l y  t h e  e f f e c t  o f  i s o t o p e  s c a t t e r i n g .  T h i s  i s
L. • „  121c e r t a i n l y  p r e s e n t  i n  a n t i m o n y  s i n c e  t h e r e  a r e  t wo  i s o t o p e s  Sb.
and  S b ^ ^  a nd  t h e i  r n a t u r a l  a b u n d a n c e  (5 7 * 2 5 ° / o  S b ^ ^  a n d  7 5 ° / o
S b ^ ^ )  i s  c o m p a r a b l e .  I f  t h e  t h e r m a l  r e s i s t a n c e  a s s o c i a t e d  w i t h
p h onon  e l e c t r o n  s c a t t e r i n g  a n d  i s o t o p e  s c a t t e r i n g  w e r e  co mp o s ed
1 - 2a d d i t i v e l y  o f  t h e  i n d i v i d u a l  r e s i s t i v i t i e s  —  = AT + BT. T h i s
9
o b v i o u s l y  wo u l d  l e a d  t o  t h e  p r e s e n c e  o f  a minimum i n  t h e  r e s i s t i v i t y
f o r  Tmin = 3y s -  The c o r r e s p o n d i n g  maximum i n  t h e  c o n d u c t i v i t y  m i g h t
B
be a s s o c i a t e d  w i t h  t h a t  o b s e r v e d  by  w o r k e r s  Woods a n d  W h i t e  a t  a
5 7t e m p e r a t u r e  a r o u n d  9°K.
On t h e  o t h e r  h a n d ,  t h e  i s o t o p e  r e s i s t a n c e  BT wo u l d  r a p i d l y
become n e g l i g i b l e  b e l o w  T . . I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  i tmi n
d o e s  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  i n  t h e  t e m p e r a t u r e  r a n g e  c o v e r e d  
i n  t h e  p r e s e n t  wo r k .
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IV. DENSITY OF STATES AND THE TRANSPORT COEFFICIENTS 
A- R e l a t i o n  Be t we e n  t h e  D e n s i t y  o f  S t a t e s  
a nd  C e r t a i n  T r a n s p o r t  E f f e c t s
The e l e c t r o n i c  d e n s i t y  o f  s t a t e s  i n  e n e r g y  i s  r e l a t e d  t o  t h e
A
c o m p o n e n t s  o f  t h e  k i n e t i c  t h e r m o e l e c t r i c  t e n s o r ,  e " .  I n t e g r a t i o n  o f  
t h e  B o l t z m a n n  t r a n s p o r t  e q u a t i o n  by  means  o f  a r e l a x a t i o n  t i m e  g i v e s  
t h e  f o l l o w i n g  r e l a t i o n s h i p  b e t w e e n  t h e  d e n s i t y  o f  s t a t e s  a n d  t h e
5 8 , 5 9
c o m p o n e n t s  o f  e"  g e n e r a l i z e d  t o  a m u l t i b a n d  m o d e l .
1 2 2  a f ( a ) H  Z
eVi = " 7 * k 2 cT £  (±)  * - 4  (19)
i H + [ f ( « ) H  ] ‘11 3  : q2 + r £ U i 2
e"  = -  ^ 2 k2 cTH £  — ------ !-------- —  ( 2 0 )
12 3 i H + [ f ( » ) H . ]
The n o t a t i o n  i s  as  f o l l o w s  (cgs  g a u s s i a n  u n i t s ) :
k : Boltzmann c o n s t a n t
Z. : d e n s i t y  o f  s t a t e s  o f  t he  i t h  band
1
H : a p p l i e d  magne t i c  f i e l d
a.  : o r b i t a l  e l l i p t i c i t y  parameter  (a.  = 1 f o r  c i r c u l a r  o r b i t s ) ^
or : s c a t t e r i n g  e f f i c i e n c y  i n d i c a t i n g  the  de gr e e  o f  e l a s t i c
s c a t t e r i n g  o f  phonons (o' = 1 f o r  p e r f e c t l y  e l a s t i c  
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f ( a )
s c a t t e r  i ng)  
a n  u n d e t e r m i n e d  e m p i r i c a l  f u n c t i o n  o f  or
H. : s a t u r a t i o n  f i e l d  d e f i n e d  by  t h e  e q u a t i o n
m . c  m. : e f f e c t i v e  ma s s  o f  c a r r i e r s  i n  t h e
H. = — - 1 i t h  b a n d
i e  : e l e c t r o n i c  c h a r g e
t . : r e l a x a t i o n  t i m e  o f  c a r r i e r s  i n  t h e
i t h  b a n d
The u s e  o f  a r e l a x a t i o n  t i m e  i n  t h e  a b o v e  f o r m u l a t i o n  i s  j u s t i ­
f i e d  i n  p r i n c i p l e  o n l y  i f  t h e  s c a t t e r i n g  i s  o f  t h e  s t a t i c  p o i n t  d e f e c t  
t y p e  ( e l a s t i c ) ,  a nd  i f  c u t  < 1 w h e r e  cu = eH/m ' c ,  t h e  c y c l o t r o n  
f r e q u e n c y .  :However ,  i t  h a s  b e e n  p r e v i o u s l y  n o t e d  t h a t  t h e  r e q u i r e -
6 2men t  cu <  1 i s n o t  b i n d i n g .
The a b o v e  e q u a t i o n  p r e d i c t s  t h a t  e ' ^  u n d e r  h i g h  f i e l d  a s y m p t o t i c  
c o n d i t i o n s  (H »  H. )  w i l l  a p p r o a c h  a l i m i t i n g  v a l u e  o f
1 2 . 2  T v' 7
-  - i t  k c  T 2j Z,
.1 = j ----------------------L / 2 1 )
12 H
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  sum o f  t h e  d e n s i t y  o f  s t a t e s .
Thus  t h e  d e t e r m i n a t i o n  o f  g i v e s  i n  p r i n c i p l e  a m e a s u r e  o f
t h e  d e n s i t y  o f  e l e c t r o n i c  s t a t e s  f o r  t h e  i b a n d s  o f  t h e  m e t a l .  H.
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f o r  b o t h  h o l e s  a nd  e l e c t r o n s  h a s  b e e n  shown t o  be  s m a l l e r  t h a n  5 0 0  
Gauss  i n  t h e  c a s e  o f  a n t i m o n y ,  s o  t h a t  o u r  m e a s u r e m e n t s  a r e  unam­
b i g u o u s l y  i n  t h e  a s y m p t o t i c  c o n d i t i o n  a n d  >Eq. ( 21)  a b o v e  h o l d s .
As was m e n t i o n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  k i n e t i c  c o e f f i c i e n t s  
a r e  n o t  m e a s u r e d  d i r e c t l y  i n  e x p e r i m e n t s  b u t  a r e  d e t e r m i n e d  t h r o u g h  
t h e  c o e f f i c i e n t s  d e r i v e d  i n  Eqs .  ( 2 ) an d  ( 3 )* As p o i n t e d  o u t  
on p q g e  5  ■ > t h e  e x p r e s s i o n  f o r  e 1̂  ' n t e r m s  o f  t h e  m e a s u r e d  
c o e f f i c i e n t s  c a n  be  f o u n d  a s  f o l l o w s
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w h e r e  t h e  l a s t  t e r m  i s  t h e  t h e r m o e l e c t r i c  power  o f  t h e  c o n s t a n t a n  
l e a d s .
X, - (j, _ cj, _ \ _ a ,  _ e c
11 “ 11 "11 "11 ” 11 S i
I.   i r i / 12 . 12\ . i /■. 12 12\ . 12 n-i
ei2 = aiiSi[si i (r -  + 577) + 'W'-FT rr> + ?771-3
Now i n  t h e  l i m i t  H »  H. ,  f o r  T <  1 - 5 0 K> t h e  wo r k  o f  Long
e t  a l .  , h a s  shown t h a t  ^  «  e j 2 > a nd
e1 Q ^  p|
^  ^—  i s  n e g l i g i b l e ,  h e n c e  t h e  q u a n t i t y  e ' ^  i s  d e t e r m i n e d  t h r o u g h  
t h e  m e a s u r e m e n t  o f  ^ \ \ >  anc* e \ 2 '
- e 1 LZ?f f
e i 2  =  ^  =  T 1^ 2 0 1  T T  < H > s  Hi 1 ( 2 2 )
o r
He
i z : f f  = ( - A r )  ( ■ - I 1 ■) I  ( 2 3 )
' A V  P i i ^ n  T
i n  t e r m s  o f  t h e  m e a s u r e d  c o e f f i c i e n t s :
a d i a b a t i c  N e r n s t  E t t i n g h a u s e n  c o e f f i c i e n t  
i s o t h e r m a l  e l e c t r i c a l  m a g n e t o r e s i s t a n c e  
a d i a b a t i c  t h e r m a l  m a g n e t o r e s i s t a n c e
, e f  f
D e t e r m i n a t i o n  o f  t h e  e f f e c t i v e  d e n s i t y  o f  s t a t e s  £ Z. was  made' 1
f r o m t h e  e x p e r i m e n t a l l y  m e a s u r e d  c o e f f i c i e n t s .  A l l  m e a s u r e m e n t s  we r e  
made a t  a  f i e l d  o f  1 2 - 7  k i l o g a u s s  w h i c h  s a t i s f i e d  t h e  c o n d i t i o n s  
u n d e r  w h i c h  Eq.  ( 23)  was d e r i v e d  (H »  H . ) .  Thes  r e s u l t s  of .  
t h i s  d e t e r m i n a t i o n  a r e  shown i n  F i g .  6 , w h e r e  t h e  s o l i d  c u r v e  r e p r e ­
s e n t s  a l e a s t - s q u a r e  f i t  f o r  a s t r a i g h t  l i n e  t h r o u g h  t h e  e x p e r i m e n t a l  
p o i n t s .  The i n t e r c e p t  o f  t h e  l i n e  a t  T = 0 i n d i c a t e s  a v a l u e  o f
e f t
Z , z r  ( e r g cm-3xl033)
O l 4 ^  O l
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£ Z ? f f  = ( 1 . 0 6 9 0  ±  0 . 0 7 4 9 )  X 103 3 / e r g  cm3 , 
i 1
T h i s  v a l u e  c o m p a r e s  f a v o r a b l y  w i t h  t h a t  f r o m  o t h e r  s o u r c e s  b a s e d  
on a c o m p u t a t i o n  o f  t h e  d e n s i t y  o f  s t a t e s  e x p e c t e d  f r o m n e a r l y  f r e e
, 64-
e l e c t r o n  t h e o r y :
sizTlec = 1 f  7̂ <*>
m o s t  r e c e n t  r e s u l t s  o f  W i n d m i l l e / ^  a n d  R a o ^  I n d i c a t e  t h a t  a
QO O
v a l u e  o f  S  Z. = I . O 7  X 10 / e r g  cm s h o u l d  be  e x p e c t e d  on t h e  b a s i s  
o f  n e a r l y  f r e e  e l e c t r o n  t h e o r y ,  a v a l u e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  
o u r s .
From t h e  a b o v e  e q u a t i o n  i t  s h o u l d  be  n o t e d  t h a t  t h e  d e n s i t y  o f  
s t a t e s  s h o u l d  be  i n d e p e n d e n t  o f  t e m p e r a t u r e  b u t  a s  o t h e r s  h a v e  
o b s e r v e d , ^  S  Z ? ^  a p p e a r s  t o  h a v e  a d e p e n d e n c e  a s  shown 
c l e a r l y  in F i g .  6  . T h i s  i n t e r e s t i n g  r e s u l t  h a s  o n l y  r e c e n t l y  
b e e n  r e s o l v e d  by t h e  a s s u m p t i o n  t h a t  " p h o n o n  d r a g "  o c c u r s  t o  a 
g r e a t  e x t e n t  i n  m e a s u r e m e n t s  on a n t i m o n y ,  when a t  low t e m p e r a t u r e s ,  
b e c a u s e  o f  t h e  d o m i n a n c e  o f  p h o n o n - e l e c t r o n  N - s c a t t e r i n g  a t  t h e s e  
t e m p e r a t u r e s .  An e x p l a n a t i o n  o f  t h i s  e f f e c t  a nd  i t s  b e a r i n g  on t h e  
r e s u l t s  o f  t h i s  e x p e r i m e n t  w i l l  be  g i v e n  b e l o w .
B. Phonon  Drag
The c o m p l e x  t h e o r y  o f  t h e  p h o n o n - d r a g  phenomenon  i n  m e t a l s  
bec ome s  m o s t  a m e n a b l e  t o  t r e a t m e n t  a n d  e x p e r i m e n t a l  v e r i f i c a t i o n  i n  
s u b s t a n c e s  i n  w h i c h  p h o n o n - e l e c t r o n  i n t e r a c t i o n  p r e d o m i n a t e s  o v e r  a l l  
o t h e r  s c a t t e r i n g  p r o c e s s e s  e f f i c i e n t  i n  s c a t t e r i n g  p h o n o n s .  I t  was
2 7
shown i n  S e c t i o n  I I I  t h a t  t h i s  c o n d i t i o n  was w e l l  s a t i s f i e d  i n  t h e  
s a m p l e  u s e d .
Phonon  d r a g  may be  u n d e r s t o o d  i n  e i t h e r  o f  t wo  e q u i v a l e n t  
c o n t e x t s :
l )  I f  o ne  c o n s i d e r s  a s y s t e m  i n  w h i c h  b o t h  a t h e r m a l  a n d  a n
e l e c t r i c a  1 p o t e n t i a  1 g r a d i e n t  a r e  p r e s e n t ,  i t  i s  u s u a l l y  a s s u m e d  t h a t
u n d e r  s u c h  c o n d i t i o n s  t h e  p h onon  d i s t r i b u t i o n  i s  i n  e q u i l i b r i u m  when
a n y  i n t e r a c t i o n  w i t h  t h e  e l e c t r o n  s y s t e m  i s  b e i n g  c o n s i d e r e d .  T h i s
w i l l  n o t  be  t h e  c a s e  a t  s u f f i c i e n t l y  low t e m p e r a t u r e s  when t h e  mean
f r e e  p a t h  o f  t h e  p h o n o n s  f o r  i n t e r a c t i o n  w i t h  o t h e r  p h o n o n s ,
i m p u r i t i e s ,  o r  b o u n d a r i e s  i s  much l o n g e r  t h a n  t h e  mean f r e e  p a t h  w i t h
r e s p e c t  t o  p h o n o n - e l e c t r o n  i n t e r a c t i o n .  For  i n  t h i s  c a s e ,  i f  an
e l e c t r i c  c u r r e n t  i s  f l o w i n g ,  momentum w i l l  be t r a n s f e r r e d  f r o m t h e
e l e c t r o n s  t o  some o f  t h e  p h o n o n s  a n d  t h i s  momentum w i l l  be  u n a b l e  t o
be  d i s s i p a t e d  i n t o  t h e  w h o l e  p h o n o n  s y s t e m  b e f o r e  f u r t h e r  e l e c t r o n
i n t e r a c t i o n  o c c u r s  t o  i n c r e a s e  t h e  momentum s t i l l  mo r e .  Thus  t h e
p h o n o n s  w i l l  n o t  be  a b l e  t o  come i n t o  t h e r m a l  e q u i l i b r i u m  w i t h  t h e
r e s t  o f  t h e  s y s t e m  a n d  c a n  be  i m a g i n e d  t o  be  " d r a g g e d "  by t h e
e l e c t r o n s .  The r e s u l t  i s  an  a d d e d  c o n t r i b u t i o n  t o  t h e  i s o t h e r m a l
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P e l t i e r  c o e f f i c i e n t  g i v e n  by
c o e f f i c i e n t  a 1 i s  a m e a s u r e  o f  t h e  r e l a t i v e  c h a n c e  o f  a p h o n o n  t o  
be s c a t t e r e d  i n  a p h o n o n - e l e c t r o n  i n t e r a c t i o n  a s  c o m p a r e d  w i t h  a l l
TC
C T
= jt + —3— o '  
d r a g  e  3 ne (25)
due  t o  t h e  l a t t i c e  h e a t  c a p a c i t y  C c a r r i e d  by  t h e  p h o n o n s .  The
o th e r  th ings  a phonon might be s c a t t e r e d  by, such as o th e r  phonons, 
im p u r i t i e s ,  boundar ie s ,  e t c .  I t s  va lue  ranges from 0 to  1. The 
f a c t o r  1/3 a r i s e s  from the  assumption t h a t  the  phonons a re  an 
i s o t r o p i c  gas e x e r t i n g  a p r e s s u r e  on the  e l e c t r o n s .
Since the heat  c a p a c i t y  of  the l a t t i c e  i s  unusua l ly  l a rge  
compared to  the  e l e c t r o n i c  hea t  c a p a c i t y  in the semimetals  due to  
the smal l  number o f  conduct ion  e l e c t r o n s ,  the  drag term may produce 
a profound e f f e c t  on jt, the  i so therm al  P e l t i e r  c o e f f i c i e n t .
2) Converse ly ,  i f  one assumes a f i x e d  tem pera tu re  g r a d i e n t  (as 
is  the  case  under most exper im en ta l  c o n d i t i o n s )  some momentum w i l l  
be t r a n s f e r r e d  from the  phonons t o  the  e l e c t r o n s  r e s u l t i n g  in a change 
in the  c u r r e n t  f low. Zero c u r r e n t  r e s u l t s  only  when the  co ld  end of  
the  sample a c q u i r e s  enough of an excess  of  e l e c t r o n s  so t h a t  t h e i r  
e l e c t r o s t a t i c  f i e l d  c oun te r  ba lances  the  combined e f f e c t  o f  the  
"phonon drag"  and the  normal tendency of  the  e l e c t r o n s  t o  d i f f u s e  
from hot to  co ld .  The observed p o t e n t i a l  g r a d i e n t  i s  the  thermo­
e l e c t r i c  power
C
e" = e" + e'! = e" + r 3 -  a 'e l e c  drag  e l e c  3ne (26)
The eq u iva lence  of  th e se  two approaches  is  a s su red  by the  Onsager 
re l a t i  on
(27)
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which must hold in a l l  c a s e s .  The equ iva lence  of  r e s u l t s  ob ta ined
7 /j.
us ing  s p e c i f i c  models in both  fo rm u la t io n s  has been confi rmed.  The second
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o f  t h e s e  t wo f o r m u l a t i o n s  a p p l i e s  t o  t h e  m e a s u r e m e n t s  p e r f o r m e d  i n  
t h e  p r e s e n t  s t u d y .
S i n c e  t h e  d r a g  c o n t r i b u t i o n  d e p e n d s  on t h e  l a t t i c e  c o m p o n e n t  o f  
t h e  h e a t  c a p a c i t y ,  Cg , i t  i s  o r d i n a r i l y  a n e g l i g i b l e  e f f e c t  a t  v e r y  
low t e m p e r a t u r e s  i n  m e t a l s .  Bu t  b e c a u s e  t h e  s e m i m e t a l s  h a v e  s e v e r a l  
o r d e r s  o f  m a g n i t u d e  f e w e r  e l e c t r o n s  p e r  u n i t  v o l u m e  t h a n  o r d i n a r y  
m e t a l s ,  t h e  r a t i o  o f  t h e  h e a t  e n e r g y  c a r r i e d  by  t h e  d r a g g e d  p h o n o n s  
t o  t h e  t o t a l  h e a t  e n e r g y  t r a n s p o r t e d  i s  much l a r g e r  i n  t h i s  c a s e ,  
a nd  may p r o d u c e  a m a r k e d  e f f e c t  on t h e r m o m a g n e t i c  t r a n s p o r t  e f f e c t s .
The c o n d i t i o n  o f  " f u l l "  p h o n o n  d r a g  i s  me t  when t h e  s c a t t e r i n g  
e f f i c i e n c y  a '  m e n t i o n e d  a b o v e  a p p r o a c h e s  t h e  v a l u e  1. I t  was  shown 
i n  t h e  S e c t i o n  l i l  t h a t  t h i s  c o n d i t i o n  was  w e l l  s a t i s f i e d  i n  t h e  
p r e s e n t  e x p e r i m e n t .  Thus  s i n c e  Ze ^eC ^  a s  shown i n  Eq.  ( 2 l ) ,
a n  e f f e c t i v e  d e n s i t y  o f  s t a t e s  c a n  be  d e f i n e d  by  m o d i f y i n g  
Eq. (2 6 ) t o  r e a d
L zeff= s [ z elec+ zdra3 >  2 + i f  a! JL T2 (28)
i 1 i 1 1 2  | t j  P K qo
w h e r e  t h e  Debye f o r m u l a  h a s  b e e n  s u b s t i t u t e d  f o r  a nd  N i s  t h e
number  o f  a t o m s  p e r  u n i t  v o l u m e .  S u b s t i t u t i n g  t h e  v a l u e  e x p e c t e d
ry
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f r o m f r e e  e l e c t r o n  t h e o r  f o r  2  2 . f r o m t h e  m o s t  r e c e n t ' ^  d e t e r ­
m i n a t i o n s  o f  n.  a nd  C.
1 1
ng = 5 . 5 4  X 1 0 ^  e l e c t r o n s / c m ^  Ge  = 19*0 X 10 ^ e r g s
n^ = 5 . 4 9  X 1 0 ^  h o l e s / c m ^  G^ = 1 3 - 0  X 10 ^ e r g s
and our own d e te rm in a t io n  of  the  Debye tempera ture  (see Sec t ion  V),
0 = 209 .6°K y i e l d s
E Ze f f = ( I .O7 + 0.610 T2 ) X 1033 e r g _ 1cm"3 (29)
i 1
A s t r a i g h t  l i n e  l e a s t  squares  f i t  o f  the  e x p e r im e n ta l ly  d e t e r ­
mined q u a n t i t y  E  Z ? ^ v e r s u s  T2 shown in Fig.  6 g ives  the 
c o e f f i c i e n t s
L  Zf f  = ( 1 . 0 6 9  + O . 5 2 6 I T2 ) X 103 3  e r g _ 1cm" 3  (3 0 )
The agreement between these  two e q u a t io n s  based on the
assumption of " f u l l  phonon drag"  i s  q u i t e  remarkable .  Using f o r  the
s c a t t e r i n g  e f f i c i e n c y ,  a 1 = 1, and i n c l u d i n g  the  f a c t o r  1 / 3  in Eq. (26 ) ,
on the  assumption t h a t  the  phonons e x e r t  a p r e s s u r e  on the  e l e c t r o n s
in the  d i r e c t i o n  of  the  hea t  f low, appears  t h e r e f o r e  to  have been a
reasonab le  cho ice  of  assumptions .
In summary, the  magnitude of  the  e f f e c t i v e  d e n s i t y  o f  s t a t e s
measured from t h i s  exper iment has been found to  be p r o p o r t i o n a l  t o  the
square  o f  the  a b s o lu t e  t em pera tu re  below T = 2.*f0K, a tem pera tu re
dependence r e s u l t i n g  from the  e f f e c t  o f  f u l l  phonon drag.  An a c c u r a t e
6  160d e te rm in a t io n  of  L  Z, , f r e e  from the  in f lu en c e  of the  drag e f f e c t ,
 ̂ f i f  f  filfiC
was made by e x t r a p o l a t i o n  o f  L  Z. to  T = 0. The va lue  o f  E 1.
• I ; fB 1
the reby  ob ta ined  ag rees  w i th  the  most r e c e n t  e s t i m a te s  as  shown
above.
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V. DENSITY OF STATES AND THE ELECTRONIC SPECIFIC HEAT
A. T h e o r y
M e a s u r e m e n t  o f  t h e  e l e c t r o n i c  c o m p o n e n t  o f  t h e  h e a t  c a p a c i t y  
o f  a m e t a l  i s  b o t h  an  a c c u r a t e  a n d  a d i r e c t  m e t h o d  o f  e v a l u a t i n g  t h e  
t o t a l  d e n s i t y  o f  s t a t e s  a t  t h e  Fermi  s u r f a c e .  F r e e  e l e c t r o n  t h e o r y  
g i v e s  t h e  r e l a t i o n
C = yT  = (■k2 k 2 Z®1)T (31)
e l  3
f o r  t h e  s p e c i f i c  h e a t ,  w h e r e  y  i s  t h e  c o e f f i c i e n t  o f  t h e  l i n e a r  t e r m
0  1
i n  t h e  e l e c t r o n i c  s p e c i f i c  h e a t  C ^ ,  Zp i s  t h e  number  o f  e n e r g y  s t a t e s
p e r  u n i t  r a n g e  o f  e n e r g y  a t  t h e  Fermi  e n e r g y  Ep , a n d  w h e r e  t h e  r e m a i n i n g
7 7s y m b o l s  h a v e  t h e  same m e a n i n g  a s  p r e v i o u s l y  g i v e n .
In m o s t  m e t a l s ,  t h i s  c o m p o n e n t  o f  t h e  t o t a l  h e a t  c a p a c i t y  b ecomes  
c o m p a r a b l e  t o  t h e  l a t t i c e  s p e c i f i c  h e a t
CL = ^ I ^ N k C l ) 3 = pT3 (32)
a t  l i q u i d  h e l i u m  t e m p e r a t u r e s  (N i s  t h e  number  o f  a t o m s  p e r  u n i t  
v o l u m e ) .  In s e m i m e t a l s  h o w e v e r ,  t h e  e l e c t r o n i c  t e r m  o f  t h e  h e a t  
c a p a c i t y  i s  a r e l a t i v e l y  s m a l l  f r a c t i o n  o f  t h e  l a t t i c e  h e a t  c a p a c i t y  
e v e n  a t  1°K,  b e c a u s e  o f  t h e  p r o p o r t i o n a t e l y  s m a l l  number  o f  c o n d u c t i o n  
e l e c t r o n s  i n  t h e s e  e l e m e n t s ,  an d  a f u r t h e r  r e d u c t i o n  i n  t e m p e r a t u r e  
i s  r e q u i r e d  t o  make an  a c c u r a t e  d e t e r m i n a t i o n  o f  y .
In a d d i t i o n  t o  t h e  e l e c t r o n i c  an d  l a t t i c e  c o m p o n e n t s  o f  t h e  
s p e c i f i c  h e a t ,  t h e r e  a p p e a r s  i n  t h e  s e m i m e t a l s  a t e r m  d u e  t o  t h e  
i n t e r a c t i o n  o f  t h e  n u c l e a r  e l e c t r i c  q u a d r u p o l e  mo men t w. i t h  t h e  e l e c t r i c
3 2
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f i e l d  g r a d i e n t  o f  t h e  c r y s t a l .  ’ ’ The o r i e n t a t i o n  s e n s i t i v e  t e r m
o f  t h e  n u c l e a r  e n e r g y  when t h e  n u c l e u s  i s  i n  an  a x i a l l y  s y m m e t r i c
r . , , . * 81 
f i e l d  g r a d i e n t  i s  g i v e n  by
Em = [ 3">2- l  0 + 1 ) 3  (33)
w h e r e  m i s  t h e  p r o j e c t i o n  o f  t h e  n u c l e a r  s p i n ,  I ,  on t h e  s y mme t r y
a x i s ,  e  i s  t h e  e l e c t r o n i c  c h a r g e ,  Q, i s  t h e  s c a l a r  q u a d r u p o l e  moment
o f  t h e  n u c l e u s ,  a n d  q i s  t h e  l a r g e s t  c o m p o n e n t  o f  t h e  e l e c t r i c  f i e l d
g r a d i e n t  t e n s o r  i n  t h e  p r i n c i p a l  a x i s  s y s t e m .  An e n e r g y  l e v e l  s y s t e m
82o f  t h i s  f o r m p r o d u c e s  a S c h o t t  k y*  t y p e  h e a t  c a p a c i t y  a n o m a l y .
For  t e m p e r a t u r e s  h i g h e r  t h a n  t h e  maximum o f  t h e  a n o m a l y ,  t h e  n u c l e a r
q u a d r u p o l e  h e a t  c a p a c i t y  c a n  be  e x p a n d e d  i n  a powe r  s e r i e s  i n  
r e c i p r o c a l  o f  t h e  a b s o l u t e  t e m p e r a t u r e ,  T The.  e x p r e s s i o n  f o r  t h e  
f i r s t  t e r m  i n  t h e  e x p a n s i o n  f o r  i s  g i v e n  by
c = R_ (21+2)  (21+3)  fe f a f l v 2  = ot_ . . .
Q, 80 21 ( 2 1 - 1 )   ̂ kT '  j 2  U  ;
w h e r e  R i s  t h e  u n i v e r s a l  g a s  c o n s t a n t .
The t o t a l  h e a t  c a p a c i t y  o f  t h e  s a m p l e  c a n  t h u s  be  w r i t t e n  a s  t h e  
sum o f  t h e  c o n t r i b u t i o n s  d u e  t o  t h e  n u c l e a r  q u a d r u p o l e  i n t e r a c t i o n ,  
t h e  l a t t i c e  and  t h e  e l e c t r o n s ,  r e s p e c t i v e l y
C = QfT- 2  + pT3 + yT (35)
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The m o s t  d i r e c t  ma n n e r  o f  d e t e r m i n i n g  t h e  v a l u e s  o f  p an d  y  f r o m 
e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  t h e  t o t a l  h e a t  c a p a c i t y  C f o r  t h o s e  
e l e m e n t s  w h i c h  do n o t  h a v e  a n u c l e a r  q u a d r u p o l e  c o n t r i b u t i o n  i s  
o b v i o u s  i f  Eq.  (35)  i s  d i v i d e d  by T.
Y + f3T2  + y  , a  = 0 ( 3 6 )
T
I t  i s  s e e n  t h a t  b e c a u s e  t h e r e  i s  no  t e r m  i n v o l v i n g  t h e  n u c l e a r  
q u a d r u p o l e  c o n t r i b u t i o n ,  Eq.  (3 6 ) i s  o f  t h e  f o r m o f  a s t r a i g h t  l i n e  
w i t h  i n t e r c e p t  y  a n d  s l o p e  p. In t h e  p r e s e n c e  o f  a n u c l e a r  q u a d r u p o l e  
c o n t r i b u t i o n ;  i t  i s  n e c e s s a r y  t o  i n c l u d e  t h e  t e r m  aT i n  Eq. (3 6 )-
D e t e r m i n a t i o n  o f  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  c a n  be  a c c o m p l i s h e d
i n  t h i s  c a s e  by  f i t t i n g  a p o l y n o m i a l  o f  t h e  f o r m o f  Eq.  (3 6 ) t o  t h e  
e x p e r i m e n t a l l y  m e a s u r e d  v a l u e s  o f  C/T.
B. R e s u l t s  an d  D i s c u s s i o n
The h e a t  c a p a c i t y  d a t a  w e r e  a n a l y z e d  i n  t h e  f o l l o w i n g  m a n n e r .
The h e a t  c a p a c i t y  o f  t h e  s a m p l e  ( and i t s  h o l d e r )  w e r e  m e a s u r e d  a nd  
t h e  v a l u e  o f  t h e  c o e f f i c i e n t s  o f  t h e  s e p a r a t e  c o n t r i b u t i o n s  03 p,  an d  
y  w e r e  d e t e r m i n e d  by f i t t i n g  t h e  d a t a  p o i n t s  p l o t t e d  i n  C/T v e r s u s  
T t o  Eq. (3 6 )-  The e x p e r i m e n t a l  p o i n t s  a r e  shown i n  F i g .  7  ( u p p e r  
p a r t )  w h e r e  t h e  s o l i d  l i n e  r e p r e s e n t s - t h e  r e s u l t  o f  a l e a s t - s q u a r e  
f i t .  In a s e p a r a t e  e x p e r i m e n t a l  r u n  t h e  h e a t  c a p a c i t y  o f  t h e  a d d e n d a  
( i . e . , t h e  h o l d e r ;  e t c . ;  w i t h  t h e  s a m p l e  r e mo v e d )  was  d e t e r m i n e d  a nd  
t h e  c o e f f i c i e n t s  a p p r o p r i a t e  t o  t h i s  d a t a  w e r e  f o u n d .  The e x p e r i m e n t a l  
p o i n t s  a r e  shown i n  F i g .  7  ( l o w e r  p a r t )  w h e r e  t h e  s o l i d  l i n e  r e p r e ­
s e n t s  t h e  r e s u l t  o f  a l e a s t - s q u a r e  f i t .  The c o e f f i c i e n t s  c h a r a c t e r ­
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of  the  two s e t s  of  c o e f f i c i e n t s .  The va lues  ob t a ined  a r e  l i s t e d  in 
Table I and a r e  compared t o  the  o t h e r  r e c e n t l y  determined va l ues .
We f ind:
C = [ ( ° - 00197  ± 0 - 0 .0023) + (0.2110 ± .0053)T3 + (37)
T
(0.11654 ± 0 . 00461 )T] ■mi 11 ' i9 .Hle.s.
mole deg
1. Nuclear  Quandrupole Heat Capac i ty
The measured va lue  f o r  the  nuc l ea r  quadrupole  c o n t r i b u t i o n  was 
found to  be (1 .97 ± *23) X 10 m i l l i j o u l e s  deg/mole.  This va lue
Oo
d i f f e r s  by a f a c t o r  of  2 from the  r e s u l t  of  McCollum and Taylor  
of  (3*94 ± 1.49) X 10 3 m i l l i j o u l e s  deg/mole,  and f a l l s  o u t ­
s ide  t h e i r  s t a t e d  range of  e r r o r .  From theory  a va lue  of
' - 3
4 . 37  X 10 m i l l i j o u l e s  deg/mole i s  expec ted  i f  the da ta  from
84n uc l ea r  quadrupole  resonance exper iment s  i s  used t o  e v a l u a t e  a
from Eq. (34).  This i s  a h igher  va lue  than was obta ined  in e i t h e r
s p e c i f i c  hea t  de t e r mi na t i on ,  bu t  c l o s e r  t o  t he  r e s u l t s  o f  McCollum
and Taylor .  I t  should be noted t h a t  t h i s  expec ted  va lue  of  a  v a r i e s
widely  wi th  the  value  used fo r  the s c a l a r  quadrupole  moment of  the
nuc l eus ,  Q. fo r  which d i f f e r e n t  d e t e r m i na t i o n s  d i f f e r  by about  3 0 ° / o * ^
Since in Eq. (34) t h i s  parameter  i s  squared ,  a d i f f e r e n t  va lue  fo r
86Q. than those  ob t a ined  from NQ.R da t a  would tend t o  s h i f t  t he  va lue
- • 3
expec ted f o r  or t o  as  low as 1.9 X 10 m i l l i j o u l e s  deg/mole.
Because the  t empera t ure  reached in t h i s  work was a lmost  0.2K° lower 
than t h a t  of  McCollum, the  c o n t r i b u t i o n  t o  the  t o t a l  s p e c i f i c  hea t
35
from the nuc lea r  term was a p p r e c i a b l y  l a r g e r  than in t h e i r  work making 
probably  a more a c c u r a t e  d e t e r m i na t io n  of  the  va lue  of  or p o s s i b l e .
2. The L a t t i c e  Heat Capaci ty
The s lope  of  the  l i n e a r  p o r t i o n  of  t he  p l o t  o f  C/T ver sus
p
T (Fig.  8 ) i s  a measure of  the  Debye t empera t u re  0,  as  seen from 
Eq» (36) through the r e l a t i o n
P = - y t ^ N k ^ ) 3 . (38)
We f i n e  p = 0.2110 ± O.OO53 mi l l i  j o u l e s  mole *°K ^ and ® = 209.60°K. 
Measurements of  p down t o  t empera t u res  of  0.7°K and 0.5°K have
87 88been made by Culbe r t  and by McCollum and Taylor  , r e s p e c t i v e l y .
The p r e s en t  work was c a r r i e d  down to  0.37°K.  The i r  va lues  a r e  shown 
in Table I t o ge th e r  wi th  the  va l ue  determined in t he  p r e s e n t  work; 
agreement  wi th  both au t ho r s  i s  good. I t  has been argued (see 
next  s ub se c t i o n ,  t a b l e  of  C^ v a l ue s )  t h a t  the  l a r g e  c o n t r i b u t i o n ,
Cq, in the semimetals  i n f l u en c es  the  s lope  of  the  s p e c i f i c  hea t  
curve (Fig.  8 ) below 1°K t o  such an e x t e n t  t h a t  a more a c c u r a t e  
de t e r mi na t i on  of  (3 (and thus  9) is t hwar ted .  The t empera t ure
89dependence of  ® a t  low tempera t ure  is  a wel l  known phenomenon 
and may i t s e l f  account  f o r  the  d i s c r e p a n c i e s  between the  r e s u l t s  in 
Table I,  s i nce  the  measurements made by the a u t h o r s  l i s t e d  in 















C=C(0.00I97± . 0 0 0 2 3 ) /  T 2 +  
(0 .2II0± .0 0 5 3 0 )  T 3 +  
(.11654 ± . 0 0 6 4 I ) T 3
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TABLE 1. Comparison of 
C a
T " T3
S p e c i f i c  Heat  Data.
+ pT2 + y




Range (°K) O. 3 7  - 1.40 0.5  -  1.1 0
 
• 1 -p- • 0
. rai Jaf l )
mole .0 0 197±.00023 •00394±.00149
^ ----------5 )
mole deg
.2110  ± .0 0 5 3 .2011  ± .0034 .2099
0(°K) 209 .60 213.01 210. 2± 1.0
r(—--------
mole deg
. I l6 5 4 ± .00641 . n o io ± .  00039 . 103 ± .004
„e l  1033
E 3 F e rg  cm
1. 0 1 10± . 0460 .9 5 5 16±.OO338 •8936± . 0034
3- The E l e c t r o n i c  S p e c i f i c  Heat
Accurate  measurement of  the  e l e c t r o n i c  component of  the t o t a l  
heat  c a p a c i t y  of  ant imony (and of  the  o t he r  semimetal s )  i s  e s p e c i a l l y  
d i f f i c u l t  because o f  i t s  smal l  number of  conduct ion  e l e c t r o n s .  The 
l a t t i c e  heat  c a p a c i t y  term dominates  over  the  e l e c t r o n i c  term down 
to  very  low t empera t ures  and accounts  f o r  75° / o  ° f  t îe t o t a l  even 
as low as 1°K. The; r e l a t i v e  c o n t r i b u t i o n  of  the  t h r e e  components i s  
shown in the  t a b l e  below a t  t empera t ures  of  1°K and 0.5°K.
1 . 0°K 1 ° /Q 75° / 0 2 k ° / 0
0.5°K 2 1 ° / o 35° / 0 ^ ° / o
I t  can be seen from the  t a b l e  t h a t  d i f f i c u l t y  is a l s o  encountered  
i f  measurements a r e  taken a t  too low a t empera ture  because  o f  the 
i nc re as ing  importance of  the  nuc l ea r  quadrupole  c o n t r i b u t i o n .  One 
must thus u t i l i z e  the range o f  t empera ture  between 0.5°K<iand 1°K 
for  the measurement of  the  e l e c t r o n i c  c o n t r i b u t i o n ,  depending on com­
p u t a t i o n a l  methods to  t ake  account  of  t h a t  p o r t i o n  of  the  t o t a l  heat  
c a p a c i t y  measurement which is c o n t r i b u t e d  by the e l e c t r o n s  a lone .
In view of  these  d i f f i c u l t i e s ,  c o ns id e ra b l e  v a r i a nc e  would be 
expected in the  r e s u l t s  ob t a i ned  by d i f f e r e n t  workers ,  but  unusua l l y  
good agreement  has been found in t h r e e  r ecen t  measurements (see 
Table I ).
The va lue  of  y  found in the p r e s e n t  exper iment  was ( 0 . l \ 6 ^ k  ±
0. 0061+1) m' 11 * *OU*g, shown as the i n t e r c e p t  of  the  e x t r a p o l a t i o n  of  
mole deg
38
the  upper curve to  the  C/T a x i s  in Fig.  .8 . This va lue  cor responds
e l  i 033
t o  an e l e c t r o n i c  d e n s i t y  of  s t a t e s  Z_ [ t h rough  Eq. (31)3 of 1 - 011 (— :------ ).
F e rg  cm
McCollum and Taylor  and Culber t  f i n d  for  y , v a lu e s  o f  (0.1101 ±
0.00039 m i l l  I] qu i a ) and ( . 103 ± .004 U U S t l in ) , r e s p e c t i v e l y ,  
mole deg mole deg
I t  may be noted t h a t  a l l  t h r ee  exper iment a l  va lues  a r e  o u t s i de  the 
l i m i t s  of e r r o r  c laimed by the o t he r  two a u t ho r s .
One p o s s i b l e  e x p l an a t i on  of the  d i s c r e p a n c i e s  may be due t o  the  
p u r i t y  of  the  samples used in each case .  I t  i s  known t h a t  in ant imony 
the va lence  band is a lmost  e x a c t l y  f i l l e d  and,  under t he se  c o n d i t i o n s ,  
the  d e n s i t y  of  s t a t e s  a t  the  Fermi s u r f a c e  would be ex t remely  s e n s i ­
t i v e  to  the  p resence  of  i m p u r i t i e s .  The ant imony used in t h i s  e x p e r i ­
ment was 99-9999°/0 pure  but  informat ion  i s  l ack ing  as  t o  the  p u r i t y  
of  the  samples used by the  o t he r  a u t ho r s .  The agreement  however,  in 
the  va lues  of  y  i s  s t i l l  remarkable c o n s i d e r i n g  the d i f f i c u l t i e s  in 
measurement c i t e d  above.
In view of  the fo r ego ing  c o n s i d e r a t i o n s  and r e s u l t s ,  an independent  
measurement o f  y  by a method not  s u s c e p t i b l e  t o  the p i t f a l l s  involved 
in s p e c i f i c  hea t  measurement in ant imony would be of  obvious va l ue .
Such a measurement was the  o b j e c t  of  the  r e sea rc h  r ep o r t e d  in 
Sec t ion  IV j i t  w i l l  be compared wi th  the  p r e s e n t  r e s u l t s  below.
k.  Comparat ive Analys i s
Measurement of  the  d e n s i t y  of  e l e c t r o n i c  s t a t e s  of  antimony
6 1through t r a n s p o r t  exper iment s  y i e l d s  a va lue  Z_ = (1.0690 ± . OjkS)  X
F
lC)33e r g cm 3  ̂ wh j c h when compared t o  the  va lue  we ob t a i ned  f o r  Z®̂
( s p e c i f i c  h e a t ) ,  g ives  Z®*(Sp.H) = 1.0110 ±  .01*60 1 X lo33e r g ^cm 3^
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There is  c l e a r  agreement  between the va lues  f o r  the  d e n s i t y  o f  s t a t e s  
as determined through these  two independent  methods,  w i t h i n  e x p e r i ­
mental  e r r o r s .  This  i s  shown in Fig.  8, where C/T and £  Z. have been 
p l o t t e d  in the  same u n i t s .  The r e s p e c t i v e  i n t e r s e c t s  a r e  p r o p o r t i o n a l  
to the  d e n s i t y  of  s t a t e s .  The fundamental  i n t e r e s t  o f  Fig.  8 i s  t h a t  
i t  a l lows a comparison between the t o t a l  s p e c i f i c  hea t  of  the  l a t t i c e  
and t h a t  p a r t  of  which is t r a n s p o r t e d  by the e l e c t r o n s  through 
"phonon drag" .  One f i n d s  = ^*32* This 1/3 f a c t o r  i s
expected on pure k i n e t i c  grounds,  where the  phonons a r e  assumed to 
behave l i k e  an i s o t r o p i c  gas and t o  e x e r t  a p r e s s u r e  p on the con­
duc t ion  e l e c t r o n s  given by p = ^  U(T) where U(T) i s  the  energy 
d e n s i t y  of  the  phonon gas.  The e x i s t e n c e  of  the  1/3 r a t i o  above means 
then t h a t  in Eq. (25) ,  <*' = 1: One has a " f u l l "  phonon drag,  the
e l e c t r o n s  i n t e r a c t i n g  wi th  the  e n t i r e  phonon system,  i . e . ,  wi th  both 
l o n g i t u d i n a l  and t r a n s v e r s e  p o l a r i z a t i o n s .  This r e s u l t s  from the  f a c t  
t h a t  in such an a n i s o t r o p i c  medium, t h e r e  a r e  no p u r e ly  t r a n s v e r s e  
waves,  i . e . ,  even wi th  t r a n s v e r s e  waves t h e r e  is  a s s o c i a t e d  a c e r t a i n  
amount of  d e n s i t y  v a r i a t i o n  of  the l a t t i c e  and by consequence a 
c e r t a i n  amount of  i n t e r a c t i o n  wi th  the e l e c t r o n s .
We f i n a l l y  i n v e s t i g a t e  the  q ue s t i on  of  uncoupl ing of  the  i n t e r ­
a c t i o n  between the l o n g i t u d i n a l  and t r a n s v e r s e  l a t t i c e  waves a t  
t empera tures  below 1.5°K. I t  i s  seen from the exper imen t a l  r e s u l t s  
t h a t  t h i s  has no e f f e c t  on the  phonon drag.  We a l s o  proposed t h a t  
i t  was r e s p o n s i b l e  fo r  the  added con t r ib .u t i on  t o  thermal  c o n d u c t i v i t y .  
This i s  unders tood a long the  fo l l owi ng  l i n e s :  As long as  t he  two
p o l a r i z a t i o n  systems a r e  h i g h l y  coupled,  t h e i r  phonon mean f r e e  pa th
39a
a r e  p e r  f o r c e  e q u a l :  = a K  As t h e  t e m p e r a t u r e  i s  l o w e r e d ,  a n d
the  coupl ing  becomes loose,  both systems s t i l l  i n t e r a c t  wi th  the
e l e c t r o n s  (phonon drag unchanged) but  t he  mean f r e e  pa th o f  the
t r a n s v e r s e  waves A^ becomes l a r g e r  than A*", in accord  wi th  the
P P
s ma l l e r  amount of  d e n s i t y  v a r i a t i o n  i t  c r e a t e s .  One has now
X L  TA > A , and a l a r g e r  thermal  c o n d u c t i v i t y  o b t a i n s .  As A i n c r e a s e s ,  
P P’ S y P '
a d d i t i o n a l  s c a t t e r i n g  mechanisms ( e . g .  i s o t o p e  s c a t t e r i n g )  i n t e r vene  
t o  l i m i t  i t s  growth.
ko
VI. CONCLUSION
The a t t a c k  on the problem of  the  e l e c t r o n i c  d e n s i t y  of  s t a t e s  
of  antimony through i t s  de te r mi n a t i o n  by 2 independent  exper imenta l  
methods has been very s u c c e s s f u l .  The e x c e l l e n t  agreement  obta ined  
from t h e r m o e l e c t r i c  phenomena a t  high magnet ic  f i e l d s  and from 
s p e c i f i c  hea t  measurements shows t h a t  e a r l i e r  d i s c r e p a n c i e s  found 
in the l i t e r a t u r e  were due t o  the  l i m i t a t i o n s  of  the  tempera ture
range.  Ex t r a po l a t i o n s  of  the  t h e r m o e l e c t r i c  r e s u l t s  to  0°K a re  _
r e l i a b l e  only i f  measurements a r e  c a r r i e d  below 1°K. This gives  
added conf idence  in the conc lus ions  drawn from t r a n s p o r t  e f f e c t ,  
s t u d i e s .
2
The o t h e r  achievement  of  t h i s  s tudy  is the  c l e a r - c u t  T depen­
dence demonst ra t ed for  the low t empera ture  thermal  c o n d u c t i v i t y  of 
ant imony,  thus conf i rming predominance of phonon-e l ec t r on  s c a t t e r i n g  
in a pure e lement ,  when i t  had been h e re t o f o r e  observed only through 
a 1loyi ng.
S imi l a r  t r a n s p o r t  e f f e c t  s t u d i e s  in bismuth and a r s e n i c ,  in the
He tempera ture  range,  would probably be r evea l i ng .
APPENDIX
Par t  A: Transpor t  Measurements
C r y s t a 1
The c r y s t a l  was prepared  i n i t i a l l y  and used by Dr. Jerome Long
in h i s  exper iment s  i nvolv ing  t r a n s p o r t  phenomena in antimony a t  temper­
a t u r e s  between 1.6°K and 4.0°K.  I t  was decided t h a t  in us ing t h i s  same 
c r y s t a l ;  the  r e s u l t s  ob t a ined  in t h i s  exper iment  could extend po r t i ons  
of  his  da ta  to  a t emperature  of  0.4°K.
The c r y s t a l  was cu t  wi th  a Servomet spark  c u t t e r  from a zone-
r e f i n e d  bar  obt a ined  from Cominco, the s t a t e d  p u r i t y  of  which is 99-9999°/  
F l a t  s u r f a c e s  p e r p e n d i cu l a r  to the  t r i g o n a l  ax i s  were obt a ined  by c leavage  
The c r y s t a l  was then cu t  i n t o  the shape of a r i g h t  p a r a l l e l e p i p e d  wi th 
the width of  the  c r y s t a l  a long a b ina ry  a x i s .  The dimensions were 
20 X 4 . 6  X 2 mm.
A per iod  of  12 months e l apsed  between the p r e s en t  measurements 
and those of  Dr. Long. Though the c r y s t a l  was c a r e f u l l y  handled and
s to r e d  dur ing  the i n t e r im,  c e r t a i n  ageing and d i f f u s i o n  processes  may
90have lowered somewhat the p u r i t y  of  the c r y s t a l . "  Traces of  s e l f ­
c l eavage  were p r e s en t  a t  one end of  the c r y s t a l .
Before mounting,  the  c r y s t a l  was c a r e f u l l y  c l eaned wi th an ac id  
91s o l u t i o n .  Traces of  Bi-Cd s o l de r  were c leaned from the su r f ace  
where the  probes had p r e v io u s l y  been so l de r ed .  Care was taken to  
s o l de r  the new probes between the l o c a t i o n s  of the  previous  probes .
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The t r a n s v e r s e  and l o n g i t u d i n a l  probes were so lde r ed  t o  the  c r y s t a l  
wi th  the a i d  of  a microscope;  s o ld e r  " do t s "  did not exceed a diameter  
of  .063 cm. Attachment  of  a l l  probes was completed be fore  the 
c r y s t a l  was so lde red  to  the sample holder  so as to  prevent  s t r a i n i n g  
the c r y s t a l .
Helium-3  R e f r i g e r a t o r
( l )  Basic Cons t ruc t ion
(a) Pumping and Storage System
The means of  reaching  and ma in t a in ing  t emperatures  below 1°K 
was by use of  a hel ium-3 r e f r i g e r a t o r ;  shown sch ema t i ca l l y
in Fig.  9 . The system was s i m i l a r  t o  one c on s t r uc t ed  by
q o
Garwin and Reich;  wi th  the hel ium-3 gas s t o r e d  between 
runs in the cas i ng  of a s h a f t - s e a l e d  Welch 1402 KGB vacuum 
pump by means of  an arrangement  of  va l ves .  A mercury 
manometer s ea l ed  to  the  i n t e r i o r  s t o r ag e  space provided a 
check on the con t i nu i ng  vacuum t i g h t n e s s  of  the  s t o r ag e  space 
between runs as wel l  as a method of  measuring the  gas p r e s s u r e  
on the exhaus t  s i de  of  the  pump dur ing  a run.  An automat ic  
e l e c t r i c a l  s w i t c h - o f f  device  whose sens ing  element  was 
mounted on the manometer could be a c t i v a t e d  to p revent  an 
exp l os i ve  bui ldup of p r e s su re  should any p a r t  of  the hel ium- 
3 system begin l eaking dur ing  a run.
(b) Trapping and Vapor Removal System
Removal of o i l  vapor and a i r  contaminants  from the r e c i r -
p
c u l a t i n g  He gas was accomplished by p l ac i ng  f i r s t  a g l a ss  




























f i l l e d  w i t h  a c t i v a t e d  c o c o a n u t  c h a r c o a l  i n  t h e  e x h a u s t  l i n e  
o f  t h e  pump.  T h e s e  t r a p s  r e m a i n e d  s u b m e r g e d  i n  l i q u i d  
n i t r o g e n  d u r i n g  t h e  r u n s  a s s u r i n g  r e m o v a l  o f  a n y  c o n t a m i n a n t  
w h i c h  m i g h t  l a t e r  f r e e z e  o u t  a t  h e l i u m - 4  t e m p e r a t u r e s ,  
c l o g g i n g  t h e  r e t u r n  l i n e .  The v a p o r  t r a p  h o u s i n g  t h e  c o p p e r  
woo l  was  made o f  n o n - p e r m e a b l e  " l e a d "  g l a s s  t o  a s s u r e  v i s u a l  
m o n i t o r i n g  o f  t h e  a mo u n t  o f  t r a p p e d  o i l .  F u r t h e r  t r a p p i n g  
was a c c o m p l i s h e d  by a c o p p e r  woo l  t r a p  i n  t h e  h e l i u m - 4  b a t h .  
T h i s  t r a p ,  d e n o t e d  a s  CD, F i g . 10 , s e r v e d  a s  t h e  c o n d e n s e r  
f o r  t h e  r e t u r n i n g  h e l i u m - 3  g a s .
( c )  Low T e m p e r a t u r e  S e c t i o n
The h e l i u m - 3  9a s  a f t e r  c o n d e n s a t i o n  p a s s e d  t h r o u g h  a s m a l l  
( l / l 6  "  o . d . )  s t a i n l e s s  s t e e l  t u b e  t o  t h e  i n t e r i o r  o f  t h e  
He pumpi ng  l i n e ,  P,  a nd  t h e n  t h r o u g h  a c o p p e r  c a p i l l a r y  
( . 0 1 1  i n c h e s  i . d . )  s p i r a l  w h i c h  t h r o t t l e d  t h e  f l o w  o f  t h e  
l i q u i d - g a s  m i x t u r e .  The l i q u i d  d r o p p e d  f r o m t h e  e n d  o f  
t h e  c a p i l l a r y  i n t o  a c a v i t y  E, f o r me d  by one  e x t r e m i t y  o f  
t h e  c o p p e r  s a m p l e  h o l d e r .  A s p i r a l  o f  O.OO5  i n c h  t h i c k ,
1 / 2  i n c h  w i d e  c o p p e r  s t r i p  s o l d e r e d  i n s i d e  t h i s  c a v i t y  
p r e v e n t e d  v e r t i c a l  t e m p e r a t u r e  g r a d i e n t s  f r o m d e v e l o p i n g  
a s  t h e  r e s u l t a n t  p o o l  o f  l i q u i d  h e l i u m - 3  was pumped.  T h i s  
f i n  a s s e m b l y  was  s e r r a t e d  on i t s  l o w e r  e d g e  t o  p e r m i t  
f r e e d o m  o f  f l o w  o f  t h e  h e l i u m - 3  l i q u i d  an d  t h e n  s o f t  s o l d e r e d  
t o  t h e  b a s e  o f  t h e  c a v i t y .  The c o p p e r  s a m p l e  h o l d e r  was 
t h u s  c o o l e d  an d  s u b s e q u e n t l y  h e l d  a t  t h e  t e m p e r a t u r e  o f  t h i s  








The v a p o r  f r o m t h e  b a t h  was  pumped t h r o u g h  a 1 / 2  i n c h  o . d .
by . 0 1 0  "  w a l l  s t a i n l e s s  s t e e l  t u b e  P,  f o u r  i n c h e s  l o n g ,
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e x e r t i n g  p r e c o o l i n g  i n f l u e n c e  on t h e  i n c o m i n g  He l i q u i d  
i n  t h e  c o p p e r  c a p i l l a r y ,  CA, F i g . 10. T h i s  pump i n g  l i n e  
t e r m i n a t e d  a t  i t s  u p p e r  e n d  a t  t h e  b a s e  o f  a o n e  i n c h  i . d .  
b r a s s  f l a n g e  a n d  c o l l a r ,  F, h o u s i n g  a t h r e e  s t a g e  r a d i a t i o n  
t r a p  ( s e e  F i g .  10) k e p t  c o o l  by t h e  o u t e r  He^ b a t h .  Two 
s u b s e q u e n t  r a d i a t i o n  t r a p s  a t  h i g h e r  l e v e l s  i n  t h e  o n e  i n c h  
o . d .  by . 0 1 0  11 w a l l  p u mp i n g  l i n e ,  L, p r e v e n t e d  r a d i a t i o n  
f r o m e n t e r i n g  t h e  low t e m p e r a t u r e  s e c t i o n .  O u t s i d e  o f  t h e  
d e wa r  s y s t e m  t h e  pump i n g  l i n e  w i d e n e d  t o  2 i n c h  d i a m e t e r .  
The p u mp i n g  s p e e d  o f  t h e  f o r e p u m p  was  b o l s t e r e d  a t  t h e  e nd  
o f  t h i s  l i n e  by  a l i q u i d  n i t r o g e n  c o l d  t r a p p e d  3 i n c h  
d i a m e t e r  b o o s t e r  d i f f u s i o n  pump.  M e c h a n i c a l  v i b r a t i o n  
t r a n s m i t t e d  t o  t h e  d e w a r  s y s t e m  by  t h e  f o r e p u m p  was  h e l d  
t o  a minimum by  i n s e r t i n g  a 4  f o o t  l o n g  s t a i n l e s s  s t e e l  
b e l l o w s  s e c t i o n  w h i c h  was damped by  f a s t e n i n g  i t  t o  a 
h e a v y  s t e e l  c y l i n d e r .
(2 ) O p e r a t i o n
(a )  P r e p a r a t i o n  and  P r e c o o l i n g
Of a b s o l u t e  i m p o r t a n c e  i n  t h e  o p e r a t i o n  o f  a n y  h e l i u m - 3  
r e f r i g e r a t o r  s y s t e m  i s  t h e  a s s u r a n c e  o f  an  a b s o l u t e l y  
vacuum t i g h t  s y s t e m ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  h e l i u m - 4  
l e a k a g e  w h i c h  may o c c u r  i n  t h e  low t e m p e r a t u r e  s e c t i o n  
o f  t h e  e q u i p m e n t  i n  t h e  f o r m o f  s u p e r f l u i d  l e a k s .  Even 
a s m a l l  a mo u n t  o f  h e l i u m - 4  i n  t h e  h e l i u m - 3  l i q u i d  p r o d u c e s
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a l o w e r i n g  o f  t h e  v a p o r  p r e s s u r e  w h i c h  i s  n o t  i m m e d i a t e l y
a p p a r e n t ,  a nd  w h i c h  m i g h t  e a s i l y  c a u s e  g r o s s  e r r o r s  when
c a l i b r a t i n g  a s e c o n d a r y  t h e r m o m e t e r  a g a i n s t  t h i s  p r e s s u r e .
For  t h i s  r e a s o n ,  t h i s  s y s t e m  was  d e s i g n e d  t o  be  p e r m a n e n t l y
s e a l e d  i n  t h e  low t e m p e r a t u r e  p o r t i o n ;  t h e  e v a p o r a t o r  was
i n c o r p o r a t e d  on t h e  i n t e r i o r  o f  t h e  s a m p l e  h o l d e r  ma k i n g
3
i t  u n n e c e s s a r y  t o  b r e a k  t h e  s e a l  o f  t h e  He s y s t e m  i f  i t  
w e r e  n e c e s s a r y  t o  c h a n g e  t h e  s a m p l e .  F u r t h e r m o r e ,  a mass  
s p e c t r o m e t e r  l e a k  d e t e c t o r - ^  was u s e d  t o  t e s t  f o r  l e a k s  
b o t h  a t  room t e m p e r a t u r e  a n d  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  
b e f o r e  r e l e a s i n g  t h e  h e l i u m - 3  9a s  i n t o  t h e  h e l i u m - 3  s y s t e m .
E v a c u a t i o n  o f  t h e  h e l i u m - 3  s y s t e m  was  p r o v i d e d  by  an  
o i l  d i f f u s i o n  pump a n d  f o r e p u m p  c o n n e c t e d  t o  t h e  2 i n c h  
h e l i u m - 3  pumpi ng  l i n e  by a 2  i n c h  Ve cco  b e l l o w s  s e a l e d  
v a l v e .  T h i s  a r r a n g e m e n t  f a c i l i t a t e d  r a p i d  a nd  c o m p l e t e  
e v a c u a t i o n  o f  t h e  h e l i u m - 3  s y s t e m  w h i c h  was  t o  be  i m p o r t a n t  
i n  t h e  s u b s e q u e n t  o p e r a t i o n  o f  t h i s  r e f r i g e r a t o r  a s  w i l l  
be e x p l a i n e d  b e l o w .
The h e l i u m - 3  r e f r i g e r a t o r  was  p r e p a r e d  f o r  o p e r a t i o n  by 
e v a c u a t i n g  i t  a t  room t e m p e r a t u r e  t o  a p r e s s u r e  o f  a p p r o x ­
i m a t e l y  3  X 10 ^  mm Hg. by  o p e n i n g  v a l v e  D ( s e e  F i g .  9 )• 
Leak t e s t i n g  was p e r f o r m e d  by p u t t i n g  o n e  a t m o s p h e r e  o f  
p u r e  He^ g a s  i n t o  t h e  h e l i u m - 4  de wa r  b a t h  s p a c e  BA ( F i g . 10 ) 
w h i l e  t h e  l e a k  d e t e c t o r  was  a t t a c h e d  t o  t h e  h e l i u m - 3  s y s t e m .  
I f  no l e a k  r e g i s t e r e d ,  h e l i u m - 4  g a s  was s p r a y e d  l i b e r a l l y
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a r o u n d  a l l  e x t e r n a l  j o i n t s  o f  t h e  h e l i u m - 3  s y s t e m .  I f  t h e  
w h o l e  s y s t e m  p r o v e d  l e a k  t i g h t ,  t h e n  p r e p a r a t i o n s  f o r  p r e ­
c o o l i n g  w e r e  b e g u n .
The u l t i m a t e  s u c c e s s  i n  t h e  o p e r a t i o n  o f  a h e l i u m - 3  
r e f r i g e r a t o r  d e p e n d s  on t h e  d e g r e e  o f  t h e r m a l  i s o l a t i o n  o f  
t h e  e v a p o r a t o r  E a n d  s a m p l e  h o l d e r  S a t  t e m p e r a t u r e s  b e l o w  
4 . 2°K.  However ,  some d e g r e e  o f  t h e r m a l  l i n k a g e  t o  t h e  
e x t e r i o r  e n v i r o n m e n t  m u s t  be  a v a i l a b l e  d u r i n g  t h e  p r e c o o l i n g  
s t a g e s .  S e v e r a l  m e t h o d s  t o  a c h i e v e  b o t h  o f  t h e s e  e n d s  w e r e  
t r i e d ,  a n d  a s u i t a b l e  c o m b i n a t i o n  f i n a l l y  was a d o p t e d .
The " i n s u l a t i o n  v a c u u m"  s p a c e ,  IV, s u r r o u n d i n g  t h e  s a m p l e  
h o l d e r  was  f l u s h e d  s e v e r a l  t i m e s  w i t h  h e l i u m - f r e e  n i t r o g e n  
g a s .  C a r e  was e x e r c i s e d  t o  u s e  o n l y  v i r g i n  gum r u b b e r  
t u b i n g  and  a f o r e p u m p  w h i c h  had n e v e r  b e e n  u s e d  f o r  pumpi ng  
h e l i u m  g a s  i n  t h e  e v a c u a t i o n  a nd  a d m i s s i o n  o f  t h e  h e l i u m -  
f r e e  n i t r o g e n  g a s  i n t o  t h e  i n s u l a t i o n  vacuum s p a c e .  T h i s  
h o s e  was  c u t  i n t o  t h r e e  s e c t i o n s ,  t h e n  t h e  p i e c e s  c o n n e c t e d  
t o g e t h e r  by  a " t e e " .  One f r e e  en d  was  a t t a c h e d  t o  t h e  f o r e ­
pump,  o n e  t o  t h e  i n s u l a t i o n  vacuum pump i n g  l i n e ,  IVL, an d  
t h e  t h i r d  e n d  was i mmer s ed  i n  a f l a s k  o f  l i q u i d  n i t r o g e n .  
H o s e - c l a m p s  on t h e  l i q u i d  n i t r o g e n  a n d  f o r e p u m p  b r a n c h e d  
c o u l d  be  m a n i p u l a t e d  i n  t u r n  t o  f i r s t  e v a c u a t e  t h e  s y s t e m ,  
f i l l  i t  w i t h  n i t r o g e n  g a s  ( e v a p o r a t e d  l i q u i d  n i t r o g e n ) ,  
t h e n  r e - e v a c u a t e  i t .  T h i s  p r o c e s s  was  r e p e a t e d  t h r e e  o r  
f o u r  t i m e s .  L i q u i d  n i t r o g e n  was u s e d  a s  t h e  s u p p l y  o f
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n i t r o g e n  g a s  b e c a u s e  i t  was  f e l t  t h a t  t h i s  was  t h e  mo s t  
h e l i u m - f r e e  n i t r o g e n  a v a i l a b l e .  A f t e r  t h e  l a s t  f l u s h i n g ,  
t h e  i n s u l a t i o n  vacuum was  pumped t o  a p r e s s u r e  o f  a p p r o x i ­
m a t e l y  100 m i c r o n s  a n d  s e a l e d  o f f  by c l o s i n g  v a l v e  
1 ( F i g . 1 0 ) .
S u b s e q u e n t l y ,  when l i q u i d  n i t r o g e n  was  a d d e d  t o  t h e  o u t e r  
f l a s k  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s ,  h e a t  was e x t r a c t e d  
f r o m t h e  s a m p l e  h o l d e r  t h r o u g h  t h e  weak  a t m o s p h e r e  o f  
n i t r o g e n  g a s  r e m a i n i n g  i n  t h e  i n s u l a t i o n  vacuum,  a n d  
t h r o u g h  e x c h a n g e  g a s  i n  t h e  h e l i u m - 4  d e w a r ,  BA. T h i s  p r e ­
c o o l i n g  was m a i n t a i n e d  f o r  e i g h t  t o  t w e l v e  h o u r s  b e f o r e  
t r a n s f e r r i n g  l i q u i d  h e l i u m - 4  i n t o  i t s  f l a s k .
When h e l i u m - 4  l i q u i d  was t r a n s f e r r e d ,  t h e  n i t r o g e n  r e ­
m a i n i n g  i n  t h e  i n s u l a t i o n  vacuum f r o z e  o u t  on t h e  i n n e r  
w a l l s  o f  t h e  c a n  B, l e a v i n g  a v e r y  h i g h  vacuum.  To b r i n g  
t h e  t e m p e r a t u r e  o f  t h e  s a m p l e  h o l d e r  t h e  r e m a i n i n g  way 
f r o m l i q u i d  n i t r o g e n  t e m p e r a t u r e s  t o  l i q u i d  h e l i u m  t e m p e r ­
a t u r e s ,  a p p r o x i m a t e l y  100 mm Hg p r e s s u r e  o f  h e l i u m - 4  gas  
was a d m i t t e d  t o  t h e  h e l i u m - 3  s y s t e m  t h r o u g h  v a l v e  E 
( F i g .  9 )•  A f t e r  t h e  o u t e r  b a t h  had b e e n  pumped b e l o w  
100 mm Hg. p r e s s u r e ,  t h e  g a s  i n  t h e  h e l i u m - 3  s y s t e m  
c o n d e n s e d  on t h e  i n t e r i o r  o f  b r a s s  f l a n g e  BF, ( F i g . 10) 
d r i p p e d  down pump i n g  t u b e  P,  e v a p o r a t e d  a t  E, and  
r e c o n d e n s e d  a t  BF, p r o v i d i n g  a c o o l i n g  e f f e c t  by  t h i s  
r e f l u x i n g  a c t i o n  o f  t h e  h e l i u m - 4 .  T h i s  c o o l i n g  was e n h a n c e d
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by pump i n g  t h e  o u t e r  b a t h  b e l o w  t h e  A. p o i n t ,  a l l o w i n g  
t h e  R o l l i n  f i l m  t o  ad d  t o  t h e  c o o l i n g  o f  t h e  s a m p l e  h o l d e r .  
D e p e n d i n g  on t h e  d e g r e e  t o  w h i c h  t h e  s a m p l e  h o l d e r  had 
b e e n  p r e c o o l e d ,  a t i m e  o f  o n e  t o  two h o u r s  was  r e q u i r e d  
b e f o r e  t h e  s a m p l e  h o l d e r  r e a c h e d  t h e  t e m p e r a t u r e  o f  t h e  
o u t e r  b a t h .
At  t h i s  p o i n t  v a l v e  D ( F i g .  9 ) was  o p e n e d  and  t h e  h e l i u m - 3
“ 5s y s t e m  was  pumped t o  a p r e s s u r e  o f  1 X 10 ^  mm Hg, l e a v i n g
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o n l y  o ne  p a r t  h e l i u m - 4  t o  10 p a r t s  h e l i u m - 3  g a s ,  when i t
was  a d d e d  l a t e r ,  a l e v e l  o f  c o n t a m i n a t i o n  much l o w e r  t h a n
3 94t h a t  o f  new " u n c o n t a m i n a t e d "  He g a s .
(b)  C o n t i n u o u s  O p e r a t i o n
A f t e r  s e t t i n g  t h e  v a p o r  p r e s s u r e  s e n s i n g  t u b e  g a u g e  t o  a 
r e a d i n g  o f  z e r o  p r e s s u r e ,  v a l v e  D was  s h u t ,  l i q u i d  
n i t r o g e n  was  a d d e d  t o  t h e  f o r e l i n e  v a p o r  t r a p s ,  a nd  t h e  
h e l i u m - 3  f o r e p u m p  was s t a r t e d .  Wi t h  t h e  pump " b y - p a s s "  
v a l v e  C s h u t ,  ( F i g .  9 ) v a l v e s  A a n d  B c o u l d  be  o p e n e d ,  
r e l e a s i n g  t h e  h e l i u m - 3  g a s  i n t o  t h e  h e l i u m - 3  s y s t e m  a n d  
b e g i n n i n g  t h e  " c o n t i n u o u s "  mode o f  o p e r a t i o n .  C o o l i n g  o f  
t h e  s a m p l e  h o l d e r  f r o m a n y  t e m p e r a t u r e  b e t w e e n  4 . 2  and  
1 . 2 ° K  t o  a t e m p e r a t u r e  o f  a p p r o x i m a t e l y  0 . 7 ° K  r e q u i r e d  o n l y  
t wo  o r  t h r e e  m i n u t e s .  The l o w e s t  t e m p e r a t u r e  a t t a i n a b l e  
i n  c o n t i n u o u s  o p e r a t i o n  was  s t r o n g l y  d e p e n d e n t  on t h e  
t e m p e r a t u r e  o f  t h e  h e l i u m - 3  l i q u i d  d r o p p i n g  i n t o  t h e  
e v a p o r a t o r ,  t h a t  i s ,  s t r o n g l y  d e p e n d e n t  on t h e  t e m p e r a t u r e
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o f  t h e  o u t s i d e  b a t h  w h e r e  t h e  h e l i u m - 3  9a s was  c o n d e n s e d  
a t  t h e  c o n d e n s e r  CD.
( c )  B a t c h  O p e r a t i o n
The " b a t c h "  mode o f  o p e r a t i o n  was  b e g u n ,  when l o we r  t e m p e r a ­
t u r e s  w e r e  d e s i r e d ,  by c l o s i n g  v a l v e  A, t h u s  r e c o l l e c t i n g  
t h e  e v a p o r a t i n g  l i q u i d  h e l i u m - 3  i n  t h e  pump.  The op t i mum 
c o n d i t i o n s  f o r  b e g i n n i n g  b a t c h  o p e r a t i o n s  c o u l d  be  d e t e r ­
m i n e d  by m o n i t o r i n g  t h e  m a n o m e t e r  on  t h e  h e l i u m - 3  pump.
When t h e  m a n o m e t e r  showed  a minimum v a l u e ,  a s  much h e l i u m - 3  
was c o n d e n s e d  i n  t h e  l o w - t e m p e r a t u r e  s e c t i o n  a s  was  p o s s i b l e ;  
t h u s  when v a l v e  B was  s h u t ,  t h e  " b a t c h "  o f  l i q u i d  h e l i u m - 3  
wo u l d  l a s t  a maximum l e n g t h  o f  t i m e .  Wi t h  no  h e a t  i n p u t  
t o  t h e  s a m p l e  h o l d e r ,  a s i n g l e  " b a t c h "  wo u l d  l a s t  f o r  
s e v e r a l  h o u r s .  Even w i t h  a p p r e c i a b l e  h e a t  i n p u t ,  t h e  l i q u i d  
wo u l d  r e m a i n  mor e  t h a n  two h o u r s  b e f o r e  r e c y c l i n g  was 
r e q u i r e d .  The minimum t e m p e r a t u r e  a t t a i n a b l e  i n  b a t c h  
o p e r a t i o n  was  a b o u t  0 . 3 6 °K w i t h  b o t h  d i f f u s i o n  pump and  
f o r e p u m p  o p e r a t i n g ,  a n d  a b o u t  0 . 3 9 ° K , w i t h  t h e  f o r e p u m p  
a l o n e .
(3 ) T e m p e r a t u r e  R e g u l a t i o n
( a )  Manua l
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R e g u l a t i o n  o f  t h e  He b a t h  t e m p e r a t u r e  c o u l d  b e  m a i n ­
t a i n e d  m a n u a l l y  w h i l e  i n  t h e  c o n t i n u o u s  mode o f  o p e r a t i o n  
by p a r t i a l l y  o p e n i n g  t h e  " b y - p a s s "  v a l v e  C on t h e  h e l i u m -
3 f o r e p u m p  ( F i g .  9 )• T h i s  v a l v e  was a s p e c i a l l y  made h i g h
95q u a l i t y  t h r o t t l i n g  v a l v e  ^  w h i c h  made p o s s i b l e  f i n e l y
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a d j u s t a b l e  b a c k  f l o w  r a t e s  a n d  t h u s  when i n  u s e ,  a l l o w e d  
f i n e  c o n t r o l  o f  t h e  pump i n g  s p e e d  o f  t h e  f o r e p u m p .  Any 
d e s i r e d  t e m p e r a t u r e  b e t w e e n  0 . 6 5 ° K  a n d  1 . 0 ° K  c o u l d  be 
a t t a i n e d  t h r o u g h  t h e  u s e  o f  v a l v e  C, b u t  i t  was f o u n d  
t h a t ,  i f  l e f t  a t  a g i v e n  s e t t i n g ,  a s l o w  d r i f t  i n  t h e  
t e m p e r a t u r e  o f  t h e  h e l i u m - 3  b a t h  o c c u r r e d .  However ,  a 
s k i l l f u l  o p e r a t o r  c o u l d  a d j u s t  v a l v e  C s o  a s  t o  k e e p  t h e  
b a t h  t e m p e r a t u r e  c o n s t a n t  t o  w i t h i n  o n e  m i l l i d e g r e e  o v e r  
a p e r i o d  o f  t w e n t y  m i n u t e s .
(b)  E l e c t r i c a l
In b a t c h  o p e r a t i o n ,  s i n c e  v a l v e  A was  c l o s e d ,  v a l v e  C 
c o u l d  n o t  be  u s e d  f o r  t e m p e r a t u r e  r e g u l a t i o n ;  t h u s  an
9 6e l e c t r i c a l  h e a t e r  f e e d - b a c k  s y s t e m  was  d e v e l o p e d  t o  c o n t r o l  
t h e  t e m p e r a t u r e  i n  t h e  r e g i o n  b e l o w  0 . 6 5 ° K .  The r e g u l a t i o n  
c i r c u i t  c o n s i s t e d  o f  a 10 Q,  0 . 1  w a t t  A l l e n  B r a d l e y  r e s i s t o r  
u s e d  a s  a t e m p e r a t u r e  s e n s i n g  e l e m e n t  i n  o n e  a r m o f  a 
W h e a t s t o n e  B r i d g e  c i r c u i t ,  a p h o t o c e l l  p l a c e d  t o  r e c e i v e  
an  i n c r e a s i n g  p o r t i o n  o f  t h e  beam o f  a D ' A r s o n v a l  
g a l v a n o m e t e r  s e r v i n g  a s  t h e  n u l l  d e t e c t o r  o f  t h e  b r i d g e ,  
an  A-C a m p l i f i e r  t o  e n h a n c e  t h e  s i g n a l  o f  t h e  p h o t o c e l l  
a n d ,  when r e c t i f i e d ,  t o  s u p p l y  t h e  s i g n a l  t o  a n o n - i n d u c t i v e  
h e a t e r  wound d i r e c t l y  on t h e  s a m p l e  h o l d e r .  The r e g u l a t o r  
was  p u t  i n t o  a c t i o n  by s e t t i n g  t h e  a d j u s t a b l e  a r m o f  t h e  
b r i d g e  c i r c u i t  t o  a r e s i s t a n c e  c o r r e s p o n d i n g  t o  t h e  
r e s i s t a n c e  o f  t h e  AB s e n s i n g  t h e r m o m e t e r  ( r e s i s t o r )  a t  t h e  
d e s i r e d  t e m p e r a t u r e .  As t h e  s a m p l e  h o l d e r  was c o o l e d  by
t h e  He r e f r i g e r a t o r  t o  a t e m p e r a t u r e  f o r  w h i c h  t h e  b r i d g e  
n e a r e d  b a l a n c e ,  t h e  beam f r o m t h e  g a l v a n o m e t e r  f e l l  on t h e  
p h o t o c e l l  a c t i v a t i n g  t h e  r e g u l a t i n g  h e a t e r  u n t i l  t h e  r e s i s ­
t a n c e  o f  t h e  s e n s i n g  t h e r m o m e t e r  r e s t o r e d  t h e  g a l v a n o m e t e r  
t o  a s l i g h t l y  o f f - b a l a n c e  p o s i t i o n .  O s c i l l a t i o n s  i n  t h e  
f e e d b a c k  c i r c u i t  c o u l d  be  c o n t r o l l e d  by  a d j u s t i n g  t h e  
d a m p i n g  r e s i s t a n c e  o f  t h e  g a l v a n o m e t e r  a n d  c o n t r o l l i n g  t h e  
s e n s i t i v i t y  o f  t h e  g a l v a n o m e t e r  t h r o u g h  a n  A r y t o n  s h u n t  box.
T h i s  m e t h o d  o f  t e m p e r a t u r e  r e g u l a t i o n  c o u l d  a c h i e v e  a
s t a b i l i t y  o f  o n e  m i l l i d e g r e e  o v e r  a t h i r t y  m i n u t e  p e r i o d ,
w h i c h  was  s u f f i c i e n t  t i m e  t o  make t h e  n e c e s s a r y  m e a s u r e m e n t
a t  t h a t  g i v e n  t e m p e r a t u r e .  I t  was  f o u n d ,  h o w e v e r ,  t h a t
s i n c e  h e a t  had t o  be  s u p p l i e d  a t  a r a t e  h i g h  e n o u g h  t o
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o f f s e t  t h e  c o o l i n g  e f f e c t  o f  t h e  He pump a t  i t s  maximum 
p u mp i n g  s p e e d ,  o s c i l l a t i o n s  w e r e  e a s i l y  i n d u c e d  by  s m a l l  
d i s t u r b a n c e s  i n  t h e  t e m p e r a t u r e  o f  t h e  s a m p l e  h o l d e r ,  s u c h  
a s  t h e  h e a t i n g  p r o d u c e d  by  e d d y  c u r r e n t s  i n  t h e  s a m p l e  
h o l d e r  when t h e  m a g n e t i c  f i e l d  was  c h a n g e d .
I t  was  f o u n d  i n  c o n t i n u o u s  o p e r a t i o n  t h a t  t h e  p e r f o r m a n c e
o f  t h i s  r e g u l a t o r  c o u l d  be  m a t e r i a l l y  i mp r o v e d  by a d j u s t i n g  
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t h e  He pump t o  a v a l u e  s l i g h t l y  h i g h e r  t h a n  t h a t  n e e d e d  
f o r  t h e  d e s i r e d  t e m p e r a t u r e .  Thus  t h e  h e a t  i n p u t  n e c e s s a r y  
t o  r e g u l a t e  t h e  t e m p e r a t u r e  was m a t e r i a l l y  r e d u c e d ,  an d  
t h e  d y n a m i c  b a l a n c e  o f  p u mp i n g  a g a i n s t  h e a t i n g  was 
i n h e r e n t l y  mor e  s t a b l e .  T h i s  o p t i o n ,  w h i l e  p o s s i b l e  i n
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c o n t i n u o u s  o p e r a t i o n ,  was  n o t  a v a i l a b l e  i n  b a t c h  o p e r a t i o n .
(4)  Va por  P r e s s u r e  T h e r m o m e t r y
( a )  G e n e r a l
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S i n c e  t h e  t e m p e r a t u r e  o f  He l i q u i d  i s  a w e l l  d e t e r m i n e d  
f u n c t i o n  o f  i t s  v a p o r  p r e s s u r e , 9 7  an d  s i n c e  v e r y  p u r e  ( v a p o r  
p r e s s u r e  s t a n d a r d )  h e l i u m - 3  g a s  was  u s e d  i n  t h i s  e x p e r i m e n t ,  
t h e  s e c o n d a r y  t h e r m o m e t e r s  c o u l d  be  c a l i b r a t e d  d i r e c t l y  
a g a i n s t  t h e  v a p o r  p r e s s u r e  o f  t h e  h e l i u m - 3  b a t h .
The v a p o r  p r e s s u r e  o f  t h e  l i q u i d  c o u l d  be  m e a s u r e d  u n d e r  
e i t h e r  d y n a m i c  o r  s t a t i c  c o n d i t i o n s  by means  o f  a 3 / 1 6  i n c h  
o . d .  by  . 0 1 0  i n c h  w a l l  s t a i n l e s s  s t e e l  t u b e ,  SL,  p a s s i n g  
t h r o u g h  t h e  l i q u i d  h e l i u m - 4  i n t o  t h e  h e l i u m - 3  s y s t e m ,  
t e r m i n a t i n g  a t  t h e  u p p e r  e n d  o f  pump i n g  t u b e  P ( s e e  F i g .  1 0 ) .
I f  a s e c o n d a r y  t h e r m o m e t e r  i s  t o  b e  u s e d  d u r i n g  t h e  e x p e r i ­
m e n t a l  r u n ,  i t  h a s  b e e n  f o u n d  q u i t e  s a t i s f a c t o r y  t o  c a l i ­
b r a t e  i t  a g a i n s t  t h e  v a p o r  p r e s s u r e  o f  t h e  h e l i u m - 3  by  s t o p p i n g  
t h e  pump i n g  on t h e  h e l i u m - 3  b a t h  a t  i t s  l o w e s t  t e m p e r a t u r e ,  
an d  l e t t i n g  i t  warm up s l o w l y ,  m o n i t o r i n g  t h e  p r e s s u r e  a t
i n t e r v a l s  o v e r  t h e  t wo  o r  t h r e e  h o u r  wa r m- up  p e r i o d .
(b)  P r e s s u r e  S e n s i n g  I n s t r u m e n t
The i n s t r u m e n t  u s e d  i n  t h i s  e x p e r i m e n t  t o  m e a s u r e  t h e
p r e s s u r e  i n  t h e  s e n s i n g  t u b e  was a q u a r t z  b o u r d o n  t u b e  t y p e
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i n s t r u m e n t  made by T e x a s  I n s t r u m e n t s .  The t u b e  u s e d  was 
i n t e n d e d  t o  be  u s e d  i n  m e a s u r i n g  p r e s s u r e s  b e l o w  200 mm Hg.
The s e n s i t i v i t y  was s u c h  t h a t  a p r e s s u r e  100 m i c r o n s  c o u l d
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be  r e a d  w i t h  l ° / 0 a c c u r a c y  a nd  a p r e s s u r e  o f  1 mm w i t h  
0 . l ° / 0 a c c u r a c y .  The i n s t r u m e n t  g a v e  r e a d i n g s  w h i c h  w e r e  
s t r i c t l y  r e p r o d u c i b l e  a n d  was  f o u n d  t o  r e t a i n  i t s  z e r o  
s e t t i n g  o v e r  l o n g  p e r i o d s  o f  t i m e .  I t s  s e n s i t i v i t y  
(1 s c a l e  d i v i s i o n  = 2 . 5 8 I 3  m i c r o n s  H g . ) a n d  r a n g e  made i t  
a n  i d e a l  i n d i c a t o r  f o r  t h e  v a p o r  p r e s s u r e  o f  t h e  h e l i u m - 3  
b a t h ,  e s p e c i a l l y  a t  l o w e r  p r e s s u r e s  t h a n  c o u l d  be  m e a s u r e d  
a c c u r a t e l y  w i t h  an  o i l  o r  m e r c u r y  m a n o m e t e r  a n d  w i t h  more  
s p e e d  t h a n  w i t h  a McLeod g a u g e .
( c )  P r e s s u r e  S e n s i n g  Met h o d s
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D e s i g n  o f  t h e  p r e s s u r e  s e n s i n g  t u b e  i s  i m p o r t a n t  i n  He
v a p o r  p r e s s u r e  t h e r m o m e t r y  b e c a u s e  l a r g e  c o r r e c t i o n s  t o  t h e
p r e s s u r e  w h i c h  i s  i n d i c a t e d  a t  t h e  warm e n d  o f  t h e  s e n s i n g
t u b e  become n e c e s s a r y  i f  t h e  v a p o r  p r e s s u r e  n e a r s  t h e  f r e e
99m o l e c u l a r  f l o w  s t a t e .  A t t e m p t s  h a v e  b e e n  made t o  g r a d u a t e  
t h e  s e n s i n g  t u b e  a t  l e v e l s  o f  s h a r p  t e m p e r a t u r e  c h a n g e  s o  
a s  t o  c a n c e l  t h i s  t h e r m o m o l e c u l a r  e f f e c t ,  b u t  t h e  s i m p l e s t  
me t h o d  was f o u n d  t o  be  t h a t  o f  e m p l o y i n g  a s i n g l e  t u b e  o f  
u n i f o r m  d i a m e t e r  s i n c e  t h e  c o r r e c t i o n  f a c t o r s  a r e  known t o  
a h i g h  d e g r e e  o f  p r e c i s i o n .
O
(5)  C r i t i q u e  -  D e s i g n  C o n s i d e r a t i o n s  o f  He R e f r i g e r a t o r s
( a )  C o n t i n u o u s  O p e r a t i o n
The t e m p e r a t u r e  o f  t h e  h e l i u m - 3  b a t h  when i n  c o n t i n u o u s  
o p e r a t i o n  was  f o u n d  t o  be  s t r o n g l y  d e p e n d e n t  on t h e  l o w e s t  
t e m p e r a t u r e  a t t a i n a b l e  i n  t h e  h e l i u m - l f  b a t h .  The d e p e n d e n c e  
was c a u s e d  a l m o s t  e n t i r e l y  t h r o u g h  t h e  f a c t  t h a t  t h e  l i q u i d
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He e n t e r i n g  t h e  low t e m p e r a t u r e  b a t h  t h r o u g h  c a p i l l a r y  CA 
was a t  t h e  t e m p e r a t u r e  o f  t h e  o u t s i d e  b a t h .  I t  was f o u n d  
t h a t  a 0 .  1 d e g r e e  r i s e  i n  t h e  t e m p e r a t u r e  o f  t h e  o u t s i d e  
b a t h  a t  1 . 2 ° K  p r o d u c e d  a n e a r l y  e q u i v a l e n t  r i s e  o f  t e m p e r -
3
a t u r e  i n  t h e  He b a t h .  In b a t c h  o p e r a t i o n ;  t h i s  e f f e c t  was
3
e l i m i n a t e d ;  b e c a u s e  t h e r e  was  no r e - a d m i s s i o n  o f  He t o  
t h e  low t e m p e r a t u r e  s e c t i o n ;  an d  t h e  l o w e s t  t e m p e r a t u r e  o f  
t h e  s y s t e m  d r o p p e d  fro m  a p p r o x i m a t e l y  0 . 6 5 ° K  t o  a p p r o x i m a t e l y
0 . 3 8 °K.  For  an  o u t s i d e  b a t h  t e m p e r a t u r e  b e l o w  2°K;  r a d i a t i o n  
t o  t h e  s a m p l e  h o l d e r  f r o m t h e  w a l l s  o f  t h e  c a n  was  f o u n d
1- ' U  101t o  be  q u i t e  n e g l i g i b l e .
The t e m p e r a t u r e  s t a b i l i t y  o f  t h e  h e l i u m - 3  b a t h  w h i l e  i n  
t h e  c o n t i n u o u s  mode o f  o p e r a t i o n  was  a l s o  f o u n d  t o  be  a 
s t r o n g  f u n c t i o n  o f  t h e  t e m p e r a t u r e  s t a b i l i t y  o f  t h e  o u t s i d e  
b a t h .  S t a b i l i t y  was much i m p r o v e d  when a t e m p e r a t u r e  
r e g u l a t o r ^ ^ w a s  a c t i v a t e d  on t h e  h e l i u m - 4  b a t h .
(b)  B a t c h  O p e r a t i o n
In b a t c h  o p e r a t i o n  t e m p e r a t u r e  s t a b i l i t y  was  n o t  a f f e c t e d  
by f l u c t u a t i o n s  i n  t h e  h e l i u m - 4  b a t h  t e m p e r a t u r e ;  b u t  
c e r t a i n  o t h e r  e f f e c t s  b ecame  i n c r e a s i n g l y  d a m a g i n g  t o  
s t a b i l i t y  a s  l o w e r  t e m p e r a t u r e s  w e r e  r e a c h e d .  Eddy c u r r e n t s  
p r o d u c e d  i n  t h e  c o p p e r  s a m p l e  h o l d e r  when t h e  m a g n e t i c  
f i e l d  was  c h a n g e d  w e r e  a q u i t e  s e r i o u s  s o u r c e  o f  h e a t i n g .  
V i b r a t i o n s  a l s o  p r o v e d  t o  h a v e  an  a p p r e c i a b l e  e f f e c t  i n  
l a t e r  p a r t s  o f  t h e  e x p e r i m e n t  when t h e  s a m p l e  was  n o t  
t h e r m a l l y  s h o r t e d  t o  t h e  r e f r i g e r a t o r .  C e r t a i n  o f  t h e
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v i b r a t i o n a l  h e a t i n g  p r o b l e m s  w e r e  r e l i e v e d  by t u r n i n g  o f f  
a l l  pumps w h i l e  m e a s u r e m e n t s  w e r e  b e i n g  t a k e n ,  b u t  i t  was 
f e l t  t h a t  some v i b r a t i o n a l  h e a t i n g  r e m a i n e d .  Even a g e n t l e  
t a p p i n g  o f  a pumpi ng  l i n e  was  s u f f i c i e n t  t o  c a u s e  a v e r y  
n o t i c e a b l e  h e a t i n g  i n  a t h e r m a l l y  i s o l a t e d  s a m p l e  a t  v e r y  
l ow t e m p e r a t u r e s .
( c )  R u n n i n g  Time
R a d i a t i o n  i n t o  t h e  h e l i u m - 3  s y s t e m  b e g a n  t o  c a u s e  an  
u n s t a b l e  wa r m i n g  t r e n d  when t h e  l i q u i d  i n  t h e  o u t e r  b a t h  
l e f t  t h e  l o w e r m o s t  r a d i a t i o n  t r a p  a n d  b r a s s  f l a n g e  o u t  o f  
t h e  l i q u i d  He . By r e t r a n s f e r r i n g ,  t h i s  p r o b l e m  c o u l d  be 
q u i c k l y  r e m e d i e d  i n  a ma n n e r  d e s c r i b e d  i n  t h e  n e x t  p a r a g r a p h .
A r e m a r k a b l e  f e a t u r e  o f  h e l i u m - 3  r e f r i g e r a t o r s  i s  t h e  s m a l l  
a mo u n t  o f  l i q u i d  h e l i u m - 3  n e c e s s a r y  t o  p r o d u c e  low t e m p e r a ­
t u r e s  f o r  l o n g  p e r i o d s  o f  t i m e  w h i l e  i n  b a t c h  o p e r a t i o n .
I f  a s u f f i c i e n t  h e l i u m - 4  s u p p l y  c a n  be  m a i n t a i n e d ,  a s i n g l e
O O
b a t c h  ( a b o u t  0 . 6  cm o f  He ) c a n  l a s t  many h o u r s ,  f o r  low
h e a t  i n p u t s .  A r e a l  l i m i t a t i o n  t o  t h e  m a i n t e n a n c e  o f
t e m p e r a t u r e s  b e l o w  0 . 5 ° K  o v e r  l o n g  p e r i o d s  o f  t i m e ,  t h e n ,
i s  t h e  l i f e t i m e  o f  t h e  h e l i u m - 4  b a t h  u n d e r  p u mp i n g .  In
t h i s  e x p e r i m e n t ,  t h i s  l i f e t i m e  was a p p r o x i m a t e l y  f o u r  h o u r s .
However ,  i t  was f o u n d  t o  be  q u i t e  f e a s i b l e  w h i l e  i n  b a t c h
o p e r a t i o n ,  t o  warm up t h e  o u t e r  b a t h  t o  4 .  2°K,  t r a n s f e r ,
a n d  pump down t o  1 . 2 ° K  a g a i n  w i t h  o n l y  a 2 0 ° / o l o s s  i n  t h e
He b a t h  l i q u i d .  U s i n g  t h i s  m e t h o d ,  t h e  s a m p l e  h o l d e r  was
k e p t  a t  a t e m p e r a t u r e  b e l o w  0 . 5 ° K  f o r  16 h o u r s  w i t h o u t  d i f f i ­
c u l t y .
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(d)  Va por  P r e s s u r e  M e a s u r e m e n t
A f a c t o r  f o u n d  t o  s e r i o u s l y  d i s r u p t  t h e  u s e  o f  t h e  v a p o r
p r e s s u r e  a b o v e  t h e  h e l i u m - 3  b a t h  f o r  t h e r m o m e t r y  p u r p o s e s
103
was t h e  p r e s e n c e  o f  e p o x y  r e s i n  i n  c o n t a c t  w i t h  t h e  s a m p l e  
h o l d e r  a n d  e v a p o r a t o r .  The t h e r m a l  c o n d u c t i v i t y  o f  t h i s  
r e s i n  bec ame  e x t r e m e l y  low a t  h e l i u m - 3  t e m p e r a t u r e s ,  a n d ,  
c o u p l e d  w i t h  a c h a r a c t e r i s t i c a l l y  h i g h  h e a t  c a p a c i t y
1 ol+
common t o  p l a s t i c s ,  t h e  e f f e c t  was t o  p r o v i d e  a s t e a d y
h e a t i n g  s o u r c e  t o  t h e  e v a p o r a t o r  s e c t i o n  o f  t h e  h e l i u m - 3
r e f r i g e r a t o r  f o r  q u i t e  a l on g  t i m e .  I t  was  p o s s i b l e  t o
3
u s e  t h e  i n d i c a t e d  v a p o r  p r e s s u r e  o f  t h e  l i q u i d  He a s  a
c a l i b r a t i o n  f o r  t h e  s e c o n d a r y  c a r b o n  r e s i s t a n c e  t h e r m o m e t e r s
o n l y  a f t e r  i t  had b e e n  d e t e r m i n e d  t h a t  t h e  e p o x y  had b e e n
c o m p l e t e l y  c o o l e d  down,  w h i c h  r e q u i r e d  i n  e x c e s s  o f  t e n
h o u r s .  I t  i s  r e commended  t h a t  s u c h  m a t e r i a l s  be  e x c l u d e d
3
f r o m t h e  low t e m p e r a t u r e  p o r t i o n s  o f  He r e f r i g e r a t o r s  
w h e n e v e r  p o s s i b l e  t o  a v o i d  t h i s  c o m p l i c a t i o n .
Sampl e  H o l d e r - E v a p o r a t o r
The s a m p l e  h o l d e r  a n d  h e l i u m - 3  e v a p o r a t o r  w e r e  b u i l t  a s  an 
i n t e g r a l  u n i t  t o  r e d u c e  o c c u r r e n c e  o f  t h e r m a l  b o u n d a r y  r e s i s t a n c e  
b e t w e e n  t h e  s a m p l e  a nd  t h e  He b a t h .  A s t a i n l e s s  s t e e l  t u b e  D,
( F i g .  1 ) 1 / 2  i n c h  o . d .  by  . 0 1 0  i n c h  w a l l  by f o u r  i n c h e s  l o n g  s e r v e d  
a s  t h e  pump i n g  t u b e ,  t h e  s u p p o r t  f o r  t h e  s a m p l e  h o l d e r ,  a n d  a s  a 
t h e r m a l  i n s u l a t o r  f r o m t h e  1 . 2 ° K  b r a s s  f l a n g e  t o  w h i c h  i t  was c o n ­
n e c t e d  a t  i t s  u p p e r  e n d .  T h i s  t u b e  was s e a l e d  t o  t h e  s a m p l e  h o l d e r
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by e p o x y  r e s i n  R, w h i c h  e l e c t r i c a l l y  i s o l a t e d  t h e  s a m p l e  h o l d e r  f r om
105t h e  ma i n  p a r t  o f  t h e  e q u i p m e n t .  ^  The h e a t e r ,  RH, f o r  t h e  t e m p e r a t u r e  
r e g u l a t i n g  c i r c u i t  was wound n o n - i n d u c t i v e l y  a r o u n d  t h e  e x t e r i o r  o f  
t h e  e v a p o r a t o r  p o r t i o n  o f  t h e  s a m p l e  h o l d e r  j u s t  b e l o w  a s h o u l d e r  
p r o v i d e d  f o r  s e c u r i n g  a r a d i a t i o n  s h i e l d ,  w h i c h  p r o v e d  t o  be u n ­
n e c e s s a r y .  The s e n s i n g  t h e r m o m e t e r ,  STh,  u s e d  i n  t h e  t e m p e r a t u r e  
r e g u l a t i n g  c i r c u i t ,  was p l a c e d  n e a r  t h e  s a m p l e ,  Sb,  a s  i n d i c a t e d .
( F i g .  1 )
P a r t  B: S p e c i f i c  Hea t  M e a s u r e m e n t s
C r y s t a l
The s a m p l e  u s e d  f o r  m e a s u r i n g  t h e  s p e c i f i c  h e a t  o f  a n t i m o n y  was 
a b a r  o f  142.^+29 g r ams  mas s  c u t  f r o m t h e  same p a r e n t  b a r  o f  a n t i m o n y
f r o m w h i c h  t h e  c r y s t a l  f o r  t h e  f i r s t  p a r t  o f  t h i s  e x p e r i m e n t  was
2
o b t a i n e d .  The s a m p l e  was a p p r o x i m a t e l y  5 * 0  cm i n  l e n g t h  a nd  5 * 0 7  cm 
c r o s s  s e c t i o n .  I t  was  c u t  t o  s h a p e  a nd  c l e a n e d  i n  t h e  same ma n n e r  
a s  p r e v i o u s l y  i n d i c a t e d .  A l a r g e  s i n g l e  c r y s t a l  o c c u p i e d  m o s t  o f  
t h e  v o l u me  o f  t h e  s p e c i m e n .
On l y  m i n o r  a d a p t a t i o n  o f  t h e  h e l i u m - 3  r e f r i g e r a t o r  u s e d  i n  t h e  
p r e v i o u s  p a r t  o f  t h e  e x p e r i m e n t  was n e c e s s a r y  t o  p e r f o r m  t h e  s p e c i f i c  
h e a t  m e a s u r e m e n t s .
Samp l e  H o l d e r - E v a p o r a t o r
( l )  C o n s t r u c t i o n
By n e c e s s i t y  i n  t h i s  p a r t i c u l a r  t y p e  o f  m e a s u r e m e n t ,  a h e a t
s w i t c h  was  n e c e s s a r y  i n  t h e  low t e m p e r a t u r e  s e c t i o n  i n  o r d e r  t o
a l t e r n a t e l y  c o o l  a n d  t h e n  i s o l a t e  t h e  s a m p l e  f r o m t h e  He r e f r i g ­
e r a t o r .  Thus  a new e v a p o r a t o r - s a m p l e  h o l d e r  was c o n s t r u c t e d  f o r
t h i s  p a r t  o f  t h e  e x p e r i m e n t ,  a s  shown i n  F i g .  2 .  I t s  d e s i g n
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was b a s e d  on t h e  u s e  o f  a r t i f i c i a l  p i t c h - b o n d e d  g r a p h i t e  a s
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a p a r a l l e l  h e a t  s h u n t  t o  a c o n v e n t i o n a l  l e a d  w i r e  s u p e r c o n ­
d u c t i n g  h e a t  s w i t c h .
E mp l o y i n g  g r a p h i t e  i n  t h i s  m a n n e r  h a s  f o u r  d i s t i n c t  a d v a n t a g e s .  
They  a r e  a s  f o l l o w s :
1. The t h e r m a l  c o n d u c t i v i t y  o f  t h i s  f o r m  o f  g r a p h i t e  i s  h i g h e r  
t h a n  many m e t a l s  a t  room t e m p e r a t u r e ,  r e l i e v i n g  some o f  t h e  
p r o b l e m s  o f  p r e c o o l i n g  t h e  s a m p l e .
2.  The t h e r m a l  c o n d u c t i v i t y  o f  g r a p h i t e  b e l o w  1°K i s  a s  low 
a s  n y l o n  a nd  i s  much l o w e r  t h a n  s u c h  o t h e r  commonly u s e d  
m a t e r i a l s  a s  P y r e x ,  P e r s p e x  a n d  t e f l o n .
3 . I t s  r i g i d i t y  a n d  s t r e n g t h  a t  low t e m p e r a t u r e s  makes  i t  i d e a l  
a s  a r i g i d  s u p p o r t  f o r  t h e  s a m p l e ,  e l i m i n a t i n g  low f r e q u e n c y  
v i b r a t i o n a l  h e a t i n g  a t  low t e m p e r a t u r e s  o f t e n  e n c o u n t e r e d  
w i t h  n y l o n  t h r e a d - t y p e  s u s p e n s i o n .
k .  I t s  a b i l i t y  t o  s t r o n g l y  a b s o r b  g a s  a t  low t e m p e r a t u r e s  a i d s  
i n  m a i n t a i n i n g  a good vacuum w i t h i n  t h e  c a l o r i m e t e r ,  a nd  
a s s u r e s  t h a t  " g a s  m i g r a t i o n "  t h a t  may t a k e  p l a c e  i n v o l v e s  
c o n d e n s a t i o n  on t h e  s u p p o r t s  n e a r  t h e  e v a p o r a t o r ,  r a t h e r  t h a n  
on t h e  s a m p l e .
In F i g .  2  t h e  p h y s i c a l  a r r a n g e m e n t  o f  t h e  t h r e e  g r a p h i t e  r o d s  
APBG u s e d  a s  s u p p o r t s  b e t w e e n  t h e  s a m p l e  h o l d e r  p l a t e  PL a n d  t h e  
e v a p o r a t o r  E i s  i l l u s t r a t e d .  The l e a d  w i r e  Pb,  u s e d  a s  t h e  
h e a t  s w i t c h ,  was  a p p r o x i m a t e l y  . 0 0 1  i nchi  i n  d i a m e t e r  an d  i s  shown
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s u p p o r t e d  a t  i t s  u p p e r  a n d  l o w e r  e x t r e m i t i e s  by p i e c e s  o f  c o p p e r  
s h a p e d  t o  r e c e i v e  a n d  s u p p o r t  i t .  T h i s  e x t r e m e l y  f i n e  w i r e  was 
d r a wn  by t h e  W o l l a s t o n  p r o c e s s  a n d - a t t a c h e d  t o  t h e  c o p p e r  s u p p o r t  
f i n g e r s  by  b i s m u t h - c a d m i u r n  s o l d e r .  The t h r e e  g r a p h i t e  s u p p o r t  
r o d s  t h e m s e l v e s  w e r e  a b o u t  e i g h t  c e n t i m e t e r s  i n  l e n g t h  an d  t h r e e  
m i l l i m e t e r s  i n  d i a m e t e r .  T h e i r  e n d s  w e r e  c o p p e r p l a t e d  and  
s o l d e r e d  i n t o  t h r e e  e q u a l l y  s p a c e d  s e t s  o f  h o l e s  i n  t h e  e v a p o r a t o r  
a n d  s a m p l e  s u p p o r t  p l a t e  w i t h  b i s m u t h - c a d m i u r n  s o l d e r .  Bo t h  t h e  
e v a p o r a t o r  a n d  s a m p l e  s u p p o r t  p l a t e  w e r e  made o f  c o p p e r .
The d e s i g n  o f  t h e  e v a p o r a t o r  c a v i t y  d i f f e r e d  s l i g h t l y  f r o m t h e  
one  u s e d  i n  t h e  p r e v i o u s  p a r t  o f  t h e  e x p e r i m e n t .  F i r s t ,  t h e
b a s e  o f  t h e  c a v i t y  was  made w i d e  a n d  f l a t  t o  a c h i e v e  maximum
3
e x p o s u r e  o f  t h e  l i q u i d  He s u r f a c e  t o  e v a p o r a t i o n .  S e c o n d ,  t h e
s p i r a l  c o p p e r  f i n  a s s e m b l y  u s e d  i n  t h i s  c a v i t y  was s o l d e r e d  a t
i t s  o u t e r  e d g e  t o  t h e  s i d e  o f  t h e  c a v i t y  s o  a s  t o  l e a v e  t h e  b a s e
o f  t h e  c a v i t y  f r e e  f r o m  s o l d e r ,  t h u s  a c h i e v i n g  b o t h  t h e  a d v a n t a g e s
3
o f  u n i f o r m  v e r t i c a l  t e m p e r a t u r e s  w i t h i n  t h e  He b a t h ,  an d  good 
h e a t  t r a n s f e r  b e t w e e n  t h e  l i q u i d  a n d  t h e  e v a p o r a t o r  b o t h  t h r o u g h  
t h e  s p i r a l  f i n  an d  t h e  c l e a n  c o p p e r  f l o o r  o f  t h e  c a v i t y .
The s a m p l e  Sb i t s e l f  was  a t t a c h e d  t o  t h e  b a s e  o f  t h e  s a m p l e  
h o l d e r  p l a t e  w i t h  a minimum o f  b i s m u t h - c a d m i u r n  s o l d e r .  The
s a m p l e  h e a t e r  was  t h e  same o n e  a s  d e s c r i b e d  e a r l i e r  a n d  was
s o l d e r e d  n e a r  t h e  t o p  o f  t h e  c r y s t a l .  The s t a n d a r d  t e c h n i q u e  o f  
u s i n g  t i n n e d  c o n s t a n t a n  w i r e  a s  c u r r e n t  l e a d s  t o  t h e  h e a t e r  was 
u s e d  f o r  t h i s  m e a s u r e m e n t .  The c a r b o n  r e s i s t o r  t h e r m o m e t e r  was
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o ne  o f  t h e  p a i r  u s e d  i n  t h e  f i r s t  p a r t  o f  t h e  e x p e r i m e n t .  I t  
was  c a l i b r a t e d  by a t t a c h i n g  i t  d i r e c t l y  t o  t h e  e v a p o r a t o r  i n  a 
p r e l i m i n a r y  r u n ,  a n d  r e a d i n g  i t s  r e s i s t a n c e  a s  a f u n c t i o n  o f  t h e  
v a p o r  p r e s s u r e  o f  t h e  He b a t h  a s  d e s c r i b e d  p r e v i o u s l y .  Then 
f o r  t h e  s p e c i f i c  h e a t  m e a s u r e m e n t s ,  t h e  t h e r m o m e t e r  was  r e s o l d e r e d  
t o  t h e  s a m p l e  a t  a p o i n t  n e a r  t h e  s a m p l e  h o l d e r  p l a t e  a s  i n d i c a t e d  
i n  F i g .  2  •
(2)  P r e c o o l i n g  C o n s i d e r a t i o n s
C o o l i n g  t h e  s a m p l e  t o  l i q u i d  h e l i u m  t e m p e r a t u r e s  p r e s e n t e d  much 
mor e  o f  a p r o b l e m  i n  t h i s  p a r t  o f  t h e  e x p e r i m e n t  b e c a u s e  t h e  
s a m p l e  was  n o t  i n  d i r e c t  t h e r m a l  c o n t a c t  w i t h  t h e  e v a p o r a t o r .
The c o n d u c t i v i t y  o f  t h e  g r a p h i t e  s u p p o r t  r o d s  i n  t h e  r a n g e  b e l o w  
77°K was much l o we r  t h a n  a t  room t e m p e r a t u r e , ;  A g r e a t  d e a l  o f  
d i f f i c u l t y  was  e n c o u n t e r e d  a f t e r  p r e c o o l i n g  i n  t h e  u s u a l  ma n n e r  
i n  f i n d i n g  a me t h o d  t o  c o o l  t h e  s a m p l e  t h e  r e m a i n i n g  way w i t h o u t  
l o s i n g  t h e  t h e r m a l  i s o l a t i o n  n e e d e d  o n c e  h e l i u m  t e m p e r a t u r e s  w e r e  
r e a c h e d .
One me t h o d  w h i c h  was  t r i e d  i n v o l v e d  u s i n g  a f ew m i c r o n s  p r e s s u r e  
o f  v e r y  p u r e  h y d r o g e n  g a s  a s  a n  e x c h a n g e  g a s  i n  t h e  s p a c e  s u r r o u n d ­
i n g  t h e  c r y s t a l ,  a s s u m i n g  t h a t  t h e  h y d r o g e n  w o u l d  " f r e e z e  o u t "  
an d  h a v e  n e g l  i gible v a p o r  p r e s s u r e  a t  s u f f i c i e n t l y  low t e m p e r a t u r e s .  
On t r y i n g  t h i s  a p p r o a c h ,  i t  was  f o u n d  t h a t  t h e  h y d r o g e n  g a s  
b e f o r e  f r e e z i n g  o u t  p r o d u c e d  no a p p r e c i a b l e  c o o l i n g  t o  t h e  s a m p l e  
a s  l i q u i d  h e l i u m - 4  was t r a n s f e r r e d  i n t o  i t s  b a t h  s p a c e ,  e v e n  i f  
t h e  t r a n s f e r  was p e r f o r m e d  e x t r e m e l y  s l o w l y .
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A n o t h e r  me t h o d  was d e v e l o p e d  w h i c h  b y p a s s e d  t h e  n e e d  f o r  e x c h a n g e  
g a s  a n d ,  t h o u g h  t i m e  c o n s u m i n g ,  was  f o u n d  t o  be  b e s t  e x p e r i m e n ­
t a l l y ,  a s  t h e  vacuum s u r r o u n d i n g  t h e  s a m p l e  d i d  n o t  h a v e  t o  be 
v i o l a t e d .  T h i s  m e t h o d  was an  e x t e n s i o n  o f  t h e  m e t h o d  d e s c r i b e d  
f o r  c o o l i n g  t h e  e v a p o r a t o r  a n d  s a m p l e  h o l d e r  f o r  t h e  t r a n s p o r t
m e a s u r e m e n t s .  H e l i u m - 4  g a s  was  i n t r o d u c e d  i n t o  t h e  h e l i u m - 3
4
s y s t e m ,  a f t e r  t r a n s f e r r i n g  l i q u i d  h e l i u m  i n t o  t h e  He f l a s k ,  b u t
4
t h e  b a t h  was l e f t  unpumped ,  an d  a p r e s s u r e  o f  He g a s  s l i g h t l y
3
i n e x c e s s  o f  one  a t m o s p h e r e  was m a i n t a i n e d  i n  t h e  He s y s t e m .
T h i s  p r o v i d e d  f o r  t h e  " r e f l u x i n g "  mode o f  c o o l i n g  a s  was  d e s c r i b e d  
e a r  1 i e r .
The o u t e r  b a t h  was unpumped t o  c o n s e r v e  h e l i u m  b e c a u s e  t h e  
c o o l i n g  down p r o c e s s  t o  4 . 2  d e g r e e s  r e q u i r e d  a b o u t  e i g h t e e n  h o u r s .  
So c o m p l e t e  was t h e  t h e r m a l  i s o l a t i o n  o f  t h e  s a m p l e  t h a t  i f  no 
He g as  w e r e  a d m i t t e d  t o  t h e  h e l i u m - 3  s y s t e m  a f t e r  t r a n s f e r  i n t o  
t h e  o u t e r  f l a s k ,  t h e  t e m p e r a t u r e  o f  t h e  s a m p l e  ( i n  o n e  i n s t a n c e )  
r e m a i n e d  a t  i t s  p r e c o o l e d  t e m p e r a t u r e  o f  77°K f o r  e i g h t  h o u r s .
When t h e  s a m p l e  r e a c h e d  a t e m p e r a t u r e  o f  4 . 2 ° K ,  i t s  h e a t  c a p a c i t y  
was low e n o u g h  t o  a l l o w  c o o l i n g  t o  He t e m p e r a t u r e s  i n  a m a t t e r  
o f  m i n u t e s  when t h e  h e l i u m - 3  r e f r i g e r a t o r  was s t a r t e d .
(3 ) O p e r a t i o n  o f  t h e  He a t  S w i t c h
The s u p e r c o n d u c t i n g  h e a t  s w i t c h  was  " c l o s e d "  by i n c r e a s i n g  t h e  
m a g n e t i c  f i e l d  s u p p l i e d  by  a W e i s s  m a g n e t  s u r r o u n d i n g  t h e  
e x p e r i m e n t a l  d e w a r  t o  a f i e l d  s l i g h t l y  o v e r  8 00  g a u s s .  T h i s  p r o ­
v i d e d  good t h e r m a l  l i n k a g e  b e t w e e n  t h e  s a m p l e  an d  t h e  e v a p o r a t o r .
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The s a m p l e  c o u l d  be  c o o l e d  i n  t h i s  ma n n e r  t o  a t e m p e r a t u r e  o f  
a p p r o x i m a t e l y  - 3 7 ° ^  i n d i c a t i n g  l i t t l e  o r  no  t h e r m a l  g r a d i e n t  
b e t w e e n  t h e  s a m p l e  a n d  c o o l i n g  s o u r c e .
When i t  was  d e s i r e d  t o  " o p e n "  t h e  h e a t  s w i t c h  i n  o r d e r  t o  t h e r m a l l y
i s o l a t e  t h e  s a m p l e  a n d  b e g i n  m e a s u r e m e n t s ,  t h e  m a g n e t i c  f i e l d
was r e d u c e d  s l o w l y  by a f i e l d  s w e e p i n g  d r i v e  s o  a s  t o  r e d u c e  t h e
r a t h e r  p r o n o u n c e d  h e a t i n g  d u e  t o  e d d y  c u r r e n t s .
M e a s u r e m e n t  T e c h n i q u e
The t e c h n i q u e  o f  m e a s u r i n g  t h e  h e a t  c a p a c i t y  o f  t h e  s a m p l e ,  o n c e
1 OBi s o l a t e d ,  was t h e  s t a n d a r d  " t e m p e r a t u r e  d r i f t "  me t h o d  i l l u s t r a t e d  
i n  F i g .  11.  He a t  i s  s u p p l i e d  t o  t h e  s a m p l e  a t  a known r a t e ,  f o r  a 
known p e r i o d  o f  t i m e  i n  t h i s  m e t h o d ,  and  t h e  " b e f o r e "  an d  " a f t e r "  
t e m p e r a t u r e  d r i f t  r a t e s  o f  t h e  s a m p l e  w e r e  e x t r a p o l a t e d  t o  t h e  c e n t e r  
o f  t h e  h e a t i n g  p e r i o d ;  t h e  v a l u e s  o f  t h e  t h e r m o m e t e r  i n d i c a t e d  a t  t h e  
i n t e r c e p t  o f  t h e s e  t r a c e s  an d  t h e  l i n e  i n d i c a t i n g  t h e  c e n t e r  o f  t h e  
h e a t i n g  p e r i o d  w e r e  a v e r a g e d  t o  d e t e r m i n e  t h e  "mean t e m p e r a t u r e "  o f  
t h e  s a m p l e  d u r i n g  t h e  h e a t i n g  p e r i o d ,  an d  t h e  d i f f e r e n c e  o f  t h e s e  
v a l u e s  was  t h e  t e m p e r a t u r e  i n c r e m e n t  a s s o c i a t e d  w i t h  t h e  e n e r g y  i n ­
p u t  t o  t h e  s a m p l e .  From t h i s  i n f o r m a t i o n  t h e  h e a t  c a p a c i t y  o f  t h e  
s a m p l e  i s  s i m p l y ,
( h e a t e r  p o we r )  X ( l e n g t h  o f  h e a t i n g  p e r i o d )
C = ------------------------------------------------------------------------------------
^ ( t e m p e r a t u r e  d i f f e r e n c e )
A s c h e m a t i c  d i a g r a m  o f  t h e  m e a s u r i n g  c i r c u i t r y  i s  shown i n  F i g .  12- 
The t e m p e r a t u r e  o f  t h e  s a m p l e  was  m e a s u r e d  a s  a f u n c t i o n  o f  t i m e  by
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b r i n g i n g  t h e  v o l t a g e  d r o p  a c r o s s  t h e  c a r b o n  r e s i s t o r  t h e r m o m e t e r  
a t t a c h e d  t o  t h e  s a m p l e  i n t o  a p p r o x i m a t e  b a l a n c e  on a R u b i c o n  p o t e n t i o ­
m e t e r ,  a m p l i f y i n g  t h e  o f f - b a l a n c e  r e a d i n g  by a d - c  a m p l i f i e r  and  
r e c o r d i n g  t h e  o u t p u t  w i t h  a Brown s t r i p c h a r t  r e c o r d e r .  The r e c o r d e r  
was  m o d i f i e d  s o  t h a t  i t s  p en  p o s i t i o n  a t  t h e  p o t e n t i o m e t e r  b a l a n c e  
was a t  t h e  c e n t e r - l i n e  o f  t h e  p a p e r .  The b i a s  v o l t a g e  on t h e  
p o t e n t i o m e t e r  was s e t  s o  t h a t  t h e  r e c o r d e r  p e n  was d r i f t i n g  t o w a r d  
t h e  b a l a n c e  p o s i t i o n .  When t h e  t r a c e  n e a r l y  r e a c h e d  t h e  m i d - l i n e ,  
a g i v e n  a mo u n t  o f  h e a t  was  s u p p l i e d  t o  t h e  h e a t e r  on t h e  s a m p l e ;  a t  
t h e  same t i m e  t h e  p o t e n t i o m e t e r  was  q u i c k l y  r e b i a s e d  t o  a l o w e r  
s e t t i n g  by  s u c h  a n  a mo u n t  t h a t  t h e  r e c o r d e r  t r a c e  a g a i n  a p p r o a c h e d  
b a l a n c e .  At  t h i s  p o i n t  t h e  h e a t i n g  was  e n d e d  a n d  t h e  d r i f t  r a t e  
r e t u r n e d  t o  i t s  f o r m e r  low v a l u e .  Thus  when t h e  " b e f o r e "  a n d  " a f t e r "  
d r i f t  r a t e s  w e r e  e x t r a p o l a t e d  t o  t h e  c e n t e r  o f  t h e  h e a t i n g  p e r i o d ,  
t h o s e  e x t r a p o l a t e d  p o i n t s  on t h e  s t r i p c h a r t  r e c o r d e r  w e r e  n o t  f a r
f r o m b a l a n c e  an d  a s i d e  f r o m s m a l l  c o r r e c t i o n s  f o r  t h e  o f f  b a l a n c e  
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p o s i t i o n ,  t h e  r e s i s t a n c e  v a l u e s  w e r e  g i v e n  w i t h  good a c c u r a c y  by  
t h e  b i a s  s e t t i n g  o f  t h e  p o t e n t i o m e t e r  d i v i d e d  by t h e  t h e r m o m e t e r  
c u r r e n t .  In o r d e r  t o  p r e v e n t  a n y  s e l f  h e a t i n g  e f f e c t  i n  t h e  t h e r ­
m o m e t e r ,  i t s  c u r r e n t  n e v e r  e x c e e d e d  0 . 2  m i c r o a m p e r e s .
The r e s i s t a n c e  o f  t h e  h e a t e r  was a l m o s t  t o t a l l y  i n d e p e n d e n t  
o f  t e m p e r a t u r e  i n  t h e  r a n g e  i n  w h i c h  m e a s u r e m e n t s  w e r e  t a k e n .  Thus  
a m e a s u r e m e n t  o f  t h e  c u r r e n t  a n d  v o l t a g e  d r o p  a c r o s s  t h e  h e a t e r  
s e v e r a l  t i m e s  d u r i n g  t h e  r u n  by means  o f  a K- 3  Leeds  a nd  N o r t h r u p  
p o t e n t i o m e t e r  was q u i t e  a d e q u a t e  t o  d e t e r m i n e  t h e  h e a t  i n p u t  t o  t h e
s a m p l e  t o  w i t h i n  . 0 1 5 ° / o  a c c u r a c y .  The h e a t e r  c i r c u i t  was  a c t i v a t e d
by c l o s i n g  a m e r c u r y  s w i t c h ,  s o  e m p l o y e d  t o  e l i m i n a t e  power  i n p u t
u n c e r t a i n i t y  c a u s e d  by  t h e  e l e c t r i c a l  n o i s e  made i n  c l o s i n g  and
o p e n i n g  a m e c h a n i c a l - c o n t a c t  t y p e  s w i t c h .  An e l e c t r o n i c  t i m e r
was c o n n e c t e d  t o  t h e  s w i t c h  a n d  was a c t i v a t e d  a u t o m a t i c a l l y  when t h e
-6
s w i t c h  was c l o s e d .  I t s  r e a d i n g s  w e r e  a c c u r a t e  t o  10 s e c o n d s .  A 
d o u b l e - p o l e  q u a d r u p l e - t h r o w  s w i t c h  i n  s e r i e s  w i t h  t h e  t h r e e  v o l t  
b a t t e r y  s u p p l y  f o r  t h e  h e a t e r  a l l o w e d  a s e l e c t i o n  o f  0 . 2  t o  6 . 0  m i c r o ­
w a t t s  h e a t e r  i n p u t  v a l u e s .  I t  was  f o u n d  i n  p r a c t i c e  t h a t  h e a t e r  
i n p u t s  o f  1 . 0  t o  6 . 0  m i c r o w a t t s  w e r e  mo s t  a p p r o p r i a t e  w i t h  h e a t i n g  
p e r i o d s  o f  two t o  s i x  s e c o n d s .  The t e m p e r a t u r e  r i s e  o f  t h e  s a m p l e  
was n o t  a l l o w e d  t o  e x c e e d  1 0 ° / o o f  t h e  mean t e m p e r a t u r e  o f  t h e  c r y s t a l  
a t  m e a s u r e m e n t ,  a n d  i n  p r a c t i c e  r a n g e d  b e t w e e n  3 ° / o  an<  ̂ 7 ° / o  ° f  
T mean .  M e a s u r e m e n t s  c o u l d  be  t a k e n  e i t h e r  i n  a wa r m i n g  o r  c o o l i n g  
d r i f t  r a t e  t r e n d ,  d e p e n d i n g  on w h e t h e r  t h e  s a m p l e  t e m p e r a t u r e  was 
b e l o w  o r  a b o v e  t h a t  o f  t h e  e v a p o r a t o r .  The b e s t  r e s u l t s  w e r e  o b t a i n e d  
by c o o l i n g  t o  t h e  l o w e s t  t e m p e r a t u r e  p o s s i b l e  w i t h  t h e  h e a t  s w i t c h  
c l o s e d ,  o p e n i n g  t h e  h e a t  s w i t c h ,  s t o p p i n g  t h e  He pump a nd  a l l o w i n g  
t h e  e v a p o r a t o r  t o  warm up s l o w l y  w i t h  t h e  c r y s t a l  a s  m e a s u r e m e n t s  
w e r e  t a k e n .
The h e a t  c a p a c i t y  o f  t h e  ad d e n d u m was  t a k e n  m e a s u r e d  by  ma k i n g  
m e a s u r e m e n t s  w i t h  8 5 ° / 0  ° f  t h e  s a m p l e  t a k e n  away ,  b e i n g  c a r e f u l  t o  
r emove  n o t h i n g  b u t  p u r e  a n t i m o n y ,  l e a v i n g  a l l  s o l d e r ,  t h e  h e a t e r ,  
t h e  t h e r m o m e t e r  p l u s  t h e  p a r t  o f  t h e  o r i g i n a l  s a m p l e  w h i c h  was  
s o l d e r e d  t o  t h e  s a m p l e  h o l d e r  p l a t e .  The f a c t  t h a t  t h e  h e a t  c a p a c i t y  
o f  t h e s e  r e m a i n i n g  p a r t s  was  a l a r g e  f r a c t i o n  ( a b o u t  5 0 ° / o ) o f  t h e
h e a t  c a p a c i t y  w i t h  t h e  e n t i r e  s a m p l e  i n  p l a c e  was  deemed  t o  be  an  
a d v a n t a g e  i n  t h a t  t h e  t e m p e r a t u r e  d r i f t  r a t e  d u r i n g  t h e s e  s e c o n d  
m e a s u r e m e n t s  was c o m p a r a b l e  t o  t h a t  o f  t h e  p r e v i o u s  m e a s u r e m e n t s  s o  
t h a t  t h e  s ame p r o p o r t i o n  o f  h e a t  c a p a c i t y  o f  t h e  g r a p h i t e  s u p p o r t s  
a n d  t h e  e l e c t r i c a l  l e a d s  was  t a k e n  i n t o  a c c o u n t  i n  b o t h  c a s e s .
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R o b e r t  S e w a l l  B l e w e r  was  b o r n  i n  S h r e v e p o r t ,  L o u i s i a n a  on 
S e p t e m b e r  10,  1939-  He was g r a d u a t e d  f r o m Byrd Hi gh S c h o o l  i n  t h e  
same c i t y  i n  1957,  w h e r e u p o n  he e n r o l l e d  i n  L o u i s i a n a  S t a t e  U n i v e r s i t y .  
In 1961 he r e c e i v e d  h i s  B a c h e l o r  o f  S c i e n c e  d e g r e e  i n  P h y s i c s ,  and 
s u b s e q u e n t l y  e n r o l l e d  i n  t h e  G r a d u a t e  D i v i s i o n  o f  t h e  same i n s t i t u ­
t i o n .  He h a s  b e e n  e l e c t e d  t o  Phi  E t a  S i gma ,  Phi  Kappa P h i ,  and  
Sigma Pi S igma s c h o l a s t i c  h o n o r a r y  s o c i e t i e s .  He was  m a r r i e d  t o  t h e  
f o r m e r  M a r t h a  A l l i s o n  M o s e l e y  on A u g u s t  3* 1963- In 1 9 6 5  he r e c e i v e d  
h i s  M a s t e r  o f  S c i e n c e  d e g r e e  an d  i s  a t  p r e s e n t  a c a n d i d a t e  f o r  t h e  
d e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  i n  t h e  D e p a r t m e n t  o f  P h y s i c s  and  
A s t r o n o m y  o f  L o u i s i a n a  S t a t e  U n i v e r s i t y .
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